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FOREWORD

*The work described in this Annual Technical Report was performed at the
United Technologies Research Center (UTRC) under Contract N00014-82-C-0671 en-
titled "Study of Heat Transfer Retardation at Elevated Temperatures", for the
Office of Naval Research (ONR). This report summarizes the results obtained for

-Z,: the Phase I - Analysis of Heat Transfer Retardation Configurations and Materials
study program. Prior to his departure from UTRC on July 15, 1983, Dr. Simion C.
Kuo was the Principal Investigator for this program, and his contributions to
this program are gratefully appreciated.

The contract program was initiated with ONR on August 15, 1982, and the ONR
4Scientific Officer for this contract program is Mr. M. Keith Ellingsworth,

Mechanics Division, ONR, Arlington, Virginia. Valuable guidance and comments
Zreceived from Mr. Ellingsworth are gratefully acknowledged.
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Heat Transfer Retardation at Elevated Temperatures

Phase I - Analysis of Heat Transfer Retardation Configurations
_' and Materials

SUMMARY

The objectives of the work presented in this report were to analyze the

retardation characteristics of selected combinations of configurations and their

materials of construction, and then to identify lightweight retardation configur-
ations. As a basis for the analysis, the crucial problems and technology status

of heat transfer retardation at high temperatures were assessed. Candidate
structural configurations with promising heat transfer- retardation characteris-
tics were defined, candidate materials for retardation applications were identi-

fied, and combinations of these configuration types and their materials of

construction were selected for analysis. A model of heat transfer was formulated
for the analyses of the retardation configurations selected for hot-gas applica-

tions and was used to estimate the retardation characteristics and to identify

lightweight retardation configurations.

The technology status of heat transfer retardation at high temperatures was

assessed by reviewing previous investigations, both analytical and experimental,

and the physical geometries used and their materials of construction were sum-

marized in order to identify the crucial problems encountered by previous inves-

tigations. Candidate structural configurations with promising heat transfer
retardation characteristics and relatively low weight were defined for detailed
analysis. The physical properties of materials of construction for these config-

urations were examined for application to heat transfer retardation in hot-gas
applications and also passive laser countermeasures applications. Then combina-

tions of configuration types and their materials of construction were selected

for analysis of their overall retardation characteristics relative to their

weight characteristics, and possible operating limits of these combinations were

identified for selected applications.

Finally, a model of heat transfer for the configurations and materials

selected for hot-gas applications was formulated and has been used to estimate

_S 2
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the heat transfer retardation characteristics in terms of an overall thermal

resistance through the configuration. The unit weight of the overall configura-

tion was also analyzed for use in identifying lightweight combinations of config-

uration types and their materials of construction. The limitations in the model

caused by the simplifying assumptions were described. Based on performance

analyses of the selected configurations using this model, lightweight retardation

configurations have been identified for hot-gas applications, and the effects of

the geometric parameters of each configuration upon heat transfer retardation

have been estimated.

This study program was conducted by the Thermal Engineering Group at UTRC

under Contract N00014-82-C-0671 from the Office of Naval Research, Mechanics

,Division, Arlington, Virginia.
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RESULTS AND CONCLUSIONS

1. The crucial problems of heat transfer retardation at high temperatures
can generally be grouped into three areas: the temperature capability of
available materials, the heat transfer and weight characteristics, and
stress and attachment problems.

2. Candidate structural configurations of retardation materials for hot-gas
applications can be grouped into five categories: fibrous, ceramic foam,
ceramic composite, radiation/layered, and powder materials.

3. Few insulating materials are available for applications at 3000 F and
higher, as problems with shrinkage, chemical reactions, and/or melting
drastically reduce the field of candidate materials as the expected temper-
ature level increases.

4. The available candidate materials with the advantageously lowest values
of the insulating performance factor (pk) are: All-Alumina ceramic foam
which has a maximum operating temperature that approaches 3000 F; and
Dynaquartz (silica) fibrous insulation which has a maximum operating
temperature of 2700 F. Ceramic composites offer excellent mechanical pro-
perties at high temperatures but are currently limited to 1800 F because of
oxidation problems.

5. The rationale of using multi-layer configurations to provide heat trans-
fer retardation for hot-gas applications is that: (1) a thin outer layer
of ceramic foam provides a hard and relatively smooth surface for flow path
and structure, and (2) the inner fibrous layer(s) provide the bulk of the
heat transfer resistance because of the lower effective thermal conduc-
tivity.

6. A ulti-layer approach is also preferred for passive laser countermea-
sures applications. The outer layer is reflective, to reflect the electro-
magnetic energy of the beam before it is converted to thermal energy; the
middle layer is an ablative material (possibly incorporating capsules of
gas that would absorb the beam's energy, to provide protection during
attack); while the inner layer(s) of thermal insulation would protect the
underlying structure and/or electronics against the thermal wave induced by
the high-intensity beam of short duration.

4
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7. The analyses of heat transfer retardation characteristics for hot-gas
applications show that, at equal values of the overall thermal resistance
(R-factor), the overall lightweight combination consists of All-Alu'na
foam and Dynaquartz fibrous insulation because each material has the lowest
value of the insulation performance factor in its category of materials.

8. If the total thickness of insulation is limited to one inch, with a 3000
F hot-side and a 1200 F cold-side temperature, the expected heat loss is
approximately 2900 BTU/hr-ft2 and the weight per unit face area is approx-
imately 0.6 lbm/ft2 for the lightweight combination of All-Alumina foam
with Dynaquartz fibrous material.

-4
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INTRODUCTION

Advances in high-temperature heat transfer retardation have been made in
recent years in response to the development trends of various propulsion devices

and heat transfer equipment towards higher temperatures in order to obtain
improved performance with minimum size and weight. For example, one method of

.!4 increasing the efficiency of a gas turbine engine is to increase the combustion

gas temperature to the maximum temperature limits of the turbine and nozzle

-. structure. Projections for growth versions of curient comm-ercial aircraft
engines indicate that the turbine inlet temperature will approach 2800 F, while

. future engine generations for the later 1980's will require turbine inlet temper-

atures of 3200 F. Gas temperatures in gas turbine engines are already higher
than the maximum temperature capabilities of conventional superalloys because of
heat-resistant coatings and because compressor bleed air is used to cool the hot

components, but the loss of this high-pressure air from the cycle results in an
engine performance penalty. Further, the components that do require this cooling

-. are more complex than similar but uncooled parts and are therefore more expensive
to fabricate and maintain than parts that do not require cooling.

When protected from rapid oxidation by an attrition-resistant coating, car-

bon-carbon composites have excellent mechanical properties at tetmperatures of up

to 5000 F. Otherwise, without the coating, carbon rapidly oxidizes and erodes at
temperatures above 700 F. Carbon-carbon composites arA being cofisidered (Ref. 1)

for high-temperature components such as augmentor liners, nozzleb, and tailcones
in advanced engine technologies. Carbon-carbon composites have also been

assessed (Ref. 2) for limited-life gas turbine engineswiCh the conclusion thae
the use of these composites is not a question of payoff but ratheVy a question of

achieving the necessary levels of material properties and oxidation protection.

The design philosophy of using carbon-carbon composites with their relatively

high thermal conductivity is to allow the components to see the high temperatures
of the environment.

In contrast, the design philosophy of using a heat transfer retardation

configuration made, in part, of ceramic is to minimize the heat being transferred
to the component being protected. Ceramic materials have the advantage over

carbon-carbon composites of offering insulation capabilities. Ceramics have been

explored (Ref. 3) with increasing interest during the last decade for use in
turbine engines to provide both insulating qualities and high-temperature capa-
bilities. Reusable heat shields using ceramic materials instead of ablating

techniques have been under investigation (Refs. 4 and 5) for space shuttle
orbiters. Some of these concepts use fibrous ceramic materials for insulation
(Refs. 6 and 7), and a closed-pore insulation (Ref. 8) made from low-cost fly ash
(which is a product of coal combustion) has also received attention. The use of
thermal coatings - a thin layer of ceramic, typically 0.015 in. thick - as

-e
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applied to gas turbine airfoils (Ref. 9) has the potential for protecting the gas
turbine components from the erosive and corrosive environment of hot combustion
gases, thereby permitting the use of less refined and cheaper fuels in a gas

turbine/steam turbine combined cycle. Plasma-sprayed ceramic coatings, typically
0.12 in. thick, are also being developed (Refs. 10, 11 and 12) by United
Technologies/Pratt and Whitney Aircraft under NASA contract for use as abradable

* blade-tip seals in high-pressure turbine applications.

The previous work on heat transfer retardation at high temperatures (over

2000 F) has made important advances, but problems still exist and require addi-

tional analytical and experimental research. First, the thin thermal barrier
coatings that are being developed for use in gas turbines do not provide the high
levels of heat transfer retardation that are necessary for other applications.

A second problem occurs with the thicker configurations that weigh too much
Vfor the level of heat transfer retardation that is provided. Promising configur-

ations must be identified and then analyzed to select lightweight configurations,
which must then be tested to confirm the thermal analyses.

The third shortcoming of the previous work is that only a limited amount of

analytical work has been done to sort out the various options available in terms
of configurations and the materials of construction for each of the possible
layers in a multi-layer heat transfer retardation configuration. The overall

heat transfer retardation characteristics of a multi-layer construction can be
described in terms of a thermal resistance per unit thickness for comparison with
other retardation configurations.

The objectives of the Phase I - Analysis of Heat Transfer Configurations and
Materials study program described herein were to analyze the heat transfer retar-
dation characteristics of selected combinations of configurations and their mater-

ials of construction, and then to identify preferred lightweight combinations.

The scope of the investigation is to employ available materials in the selected
combinations, to examine the heat transfer and weight characteristics of selected
combinations, and to utilize passive retardation techniques. The main applica-

tion of interest here is for hot-gas flows, such as hot sections in gas turbines
or hot-gas ductifig. These are relatively steady-state applications, with the
hot-side temperature of interest above 3000 F, and the cold-side temperature in

the range of 1200 F to 1800 F. A brief look was also taken at heat transfer

retardation for passive laser countermeasures applications, which involve rapid

heat transients caused by high-intensity beams of short duration. Sacrificial
material loss (ablation) is the approach to absorb this energy, with an insula-

ting layer to protect the underlying structure and/or electronics from the subse-
quent thermal wave.

7
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The results of this Phase I study program are presented in this report. The
crucial problems and technology status of heat transfer retardation at high
temperatures were assessed and summarized in Task I.1. Candidate structural
configurations with promising heat transfer retardation characteristics were

defined in Task 1.2, candidate materials for retardation applications were iden-
tified in Task 1.3, and combinations of these configuration types and their
materials of construction were selected in Task 1.4 for analysis. A model of
heat transfer was formulated in Task 1.5 for the analyses of the retardation
configurations selected for hot-gas applications and was used to estimate the
heat transfer retardation characteristics in terms of an o'.erall thermal resis-
tance, and lightweight retardation configurations were identified in Task 1.6
based on these analyses.

8



R83-956216-1

INTRODUCTION REFERENCES

1. Parkola, S.: Advanced Technology Engine Studies (ATES) - Task II Final
Report. United Technologies/Pratt & Whitney Aircraft Report No. FR-14592 on
Department of the Navy Contract No. N00019-80-C-0025, December 1981.

2. Cruzen, G. S., L. J. Davis, and J. B. Carlton: Advanced Gas Turbine
Carbon/Carbon Components Feasibility Assessment. Report No. AFWAL-TR-80-

4036, April 1980.

3. Burte, H. M., ed.: Ceramics for Turbine Engine Applications. AGARD Confer-

ence Proceedings, No. 276 1979.

4. Giezma, C. J., W. B. Hunter, et al.: Final Report on Structural Heat Shield

for Reentry and Hypersonic Lift Vehicles - High Temperature Composite Struc-
ture. Report No. ML-TDR-64-267, Part I, Vols. 1 and 2, 1965.

5. Chapman, A. J.: Evaluation of Reusable Surface Insulation for Space Shuttle 9
Over a Range of Heat-Transfer Rate and Surface Temperature. NASA TM X-2823,

1973.

6. Rolinski, E. J., et al: Development of High-Temperature Insulation Systems.
AIAA Paper No. 66-43, 1966.

7. Kummer, D. L. and G. B. Bilow: Refractory Materials and Insulation. AIAA
Paper No. 68-1128, 1968.

8. Tobin, A., et al.: Development of a Closed Pore Insulation Material. NASA

Report CR-2254, 1973.

9. Nainiger, J. J.: Effect of Thermal Barrier Coatings on The Performance of

Steam- and Water-Cooled Gas Turbine-Steam Turbine Combined Cycle Systems.
NASA Report TM-79057, 1968.

10. Shiembob, L. T.: Development of a Plasma Sprayed Ceramic Gas Path Seal for
High Pressure Turbine Applications. NASA Report CR-135387, 1977.

11. Shiembob, L. T.: Development of a Plasma Sprayed Ceramic Gas Path Seal for

High-Pressure Turbine Application. NASA Report CR-135387, 1978.

12. Bhiembob L. T.: Development of Improved High Pressure Turbine Outer Gas
Path Seal Components. NASA Report CR-1519801, 1980.

pi

• - |.

a -

. . .]



- R83-956216-1

PHASE I ANALYSIS OF HEAT TRANSFER RETARDATION

CONFIGURATIONS AND MATERIALS

The object of this study program is to analyze the retardation characteris-
tics of selected combinations of configurations and their materials of construc-
tion and then to identify lightweight retardation configurations. This study

consists of six tasks: I.1) Crucial Problems and Technology Status; 1.2) Defini-

*. tion of Candidate Structural Configurations; 1.3) Physical Properties of Candi-
date Materials; 1.4) Selection of Configuration and Materials Combinations; 1.5)

. Analysis of Retardation Characteristics; and 1.6) Lightweight Retardation Config-
- urations. The results obtained in each of these six tasks are presented in the

following sections.

N 1.1 Crucial Problems and Technology Status

Progress in the fields of space exploration and reentry applications has

sparked interest in the development of high-temperature thermal retardation

systems. Many aerospace applications involve exposure to a hyperthermal envir-
onment where severe heating and stress loading conditions occur. Hence, a high-

temperature thermal retardation system may be required to protect the load carry-

ing structure. Figure 1.1 shows a typical example of a multi-layer retardation
device that was designed as the heat shield for a reentry vehicle.

Thermal protection systems can generally be categorized as either absorptive

or radiative, depending upon the primary method by which the incident energy is
dissipated. Included among the absorptive types of thermal retardation systems
are systems that involve ablation, heat sinks, convection cooling, and film and
transpiration cooling. There are several forms in which the energy can arrive at

the retardation surface from its source: forced convection, thermal radiation,
and electromagnetic radiation (laser). The design of a thermal retardation

system involves the interaction of environmental, material, and application

factors, which must all be considered in the evolution of the design of . hermal
retardation system. The form in which the energy arrives can affect the surface
design of the retardation device. To minimize forced convection heat transfer, a
smooth surface to minimize the heat transfer coefficient and area will be

preferred. Electromagnetic energy can be reflected by the surface before being
converted into thermal energy. To lose heat by radiation from the surface, a
colder heat sink elsewhere would be necessary.

Because of the many possible applications and the vast array of design

requirements which are specific to each application, many different approaches
have received attention. Hence, to lay the groundwork for the analyses of heat

transfer retardation characteristics to be done in this study program, crucial

10
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$2 problems and the technology status of heat transfer retardation were examined to
identify the physical geometries and the materials of construction used in pre-
vious investigations and their limitations. Previous analyses of retardation
characteristics were identifed, and previous experimental work was summarized in
terms of data, experimental conditions, and intended applications.

1.1.1 Physical Geometries and Materials of Construction

Combinations of physical geometries and materials of construction that
previous investigators have examined are discussed in this section. The physical
geometries include honeycomb structures, fibrous blanket configurations, molded
block construction, flakes, and various combinations of these geometries to form
the overall thermal retardation device. In fact, most thermal retardation sys-
tems consist of a combination of geometries and materials tailored to be compati-
ble with the temperature gradient.

Honeycomb structures have been examined by several investigators. Giemza et
al. (Ref. 1) developed a high-temperature composite heat shield using foamed
ceramics for reentry and hypersonic lift vehicles. The thermantic structure that
they developed combines the refractoriness of oxides, the insulation qualities of
ceramic foam, and the honeycomb reinforcement of the ceramic foam to assure the
integrity of the heat shield with the back-up structure. The risk of

5 catastrophic failure, which can occur in monolithic structures under thermal
stress, is substantially minimized by the individual ceramic cell arrangement.
For the high surface temperatures associated with reentry vehicles, most of the
incident heat is rejected by radiation. Control of the ceramic porosity is an
important factor, because an increase in porosity will result in a reduction of
density and thermal conductivity but correspondingly lower strength character-
istics. The main limitation appears to be that the metallic honeycomb core would
substantially reduce the thermal resistance of its layer, because the heat would
be preferentially conducted through the metal core and in that manner bypass the
thermal resistance of the ceramic foam.

Scanlon (Ref. 2) proposed folded metal inserts to increase the thermal
resistance of an otherwise empty honeycomb panel. The thin cell walls of a
metallic honeycomb structure provide quite high thermal resistance to conduction,
but when the temperature of the hot side of the panel is above 1000 F, then
radiation from the hot side of the panel to the cold side can become the princi-
pal mode of heat transfer. Thin folded metallic inserts are attached by means
such as brazing, welding, or diffusion bonding to the inside of each honeycomb
cell and shield the cold side from the thermal radiation from the hot side. The
main limitation with this configuration would appear to be the problem of insur-
ing that the numerous small inserts are properly placed and attached to the wall
of each of the honeycomb cells.

11':
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Fibrous-type heat transfer retardation devices have also been examined.
Rolinski et al. (Ref. 3) evaluated fibrous insulations for use in thermal retar-
dation systems for reusable reentry and hypersonic cruise vehicles. Thermal
conductivities of promising fibrous insulations were measured. Based on test
results for low-density fibrous insulations above 2000 F, gas conduction and
radiation through the insulation may account for up to 30 percent and 90 percent,
respectively, of the total heat transfer through the insulation, while solid
conduction heat transfer is of limited importance. In other words, if several
modes of heat transfer are operating in series, the heat will be transferred
through the low-resistance paths and will bypass the high-resistance path (of
pure conduction through the fibers, in this instance). But the principal short-
coming of fibrous materials is their mechanical instability. Although shrinkage
may be reduced by controlled fabrication procedures and pretreatment at high
temperatures, compressive strength and resistance to sonic fatigue are only
marginal. Sintering at temperatures above the pretreatment temperature may also
limit the use of fibrous insulations. Very-low-density compacts of ceramic
fibers (Ref. 4) are competitive with low-density ablators and are potentially
reusable. Many conventional ceramic fiber insulations are not dimensionally
stable at temperatures above 2200 F, or will not withstand noise and vibration to
be reusable for multiple flights of reentry vehicles if heated above this temper-
ature. But fibers such as zirconia and sapphire do show promise for applications
above 2500 F.

An investigation was conducted by Chapman (Ref. 5) to evaluate reusable
surface insulation materials for use as heat shields for the space shuttle
orbiter. These materials are formed by rigidizing low-density ceramic fibers and
applying a dense high-emittance coating. A silica-base material experienced only
minimal degradation during repeated tests which included conditions twice as
severe as predicted shuttle entry and withstood cumulative exposures three times
longer than the best mullite material. Mullite-base materials cracked and exper-
ienced incipient melting at conditions within the range predicted for shuttle
entry but neither silica nor mullite materials consistently survived the test
series with unbroken waterproof surfaces.

Martynenko et al (Ref. 6) used high-alumina wool for insulation tubes (with
inside diameters of 4.3 in. and 5.7 in.) to be used as ducts for molten non-
ferrous metals at temperatures of up to 2000 F. The tubes were manufactured from
the ceramic fibers by in-vacuo forming and by the layer-wise deposition of
ceramic-fiber paper with a bonding substance.

Molded block configurations have been studied by many investigators and
offer the feature of modularity. Generally, molded blocks are produced by plac-
ing the ingredients in a mold and then firing the mixture in a furnace. For use

as a high-temperature heat shield on a space shuttle, Tobin et al. (Refs. 7 and
8) have developed a closed-pore ceramic foam insulation made with a low-cost raw

12
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material (fly ash, obtained from the combustion of coal) which has negligible
water absorption because of the noninterconnecting network of cells and which has
a high emittance for radiation heat transfer. Basically, a face sheet of closed-
pore foam insulation (up to 0.5 in. thick) is supported by a lightweight metallic

honeycomb, with the cells of the honeycomb being filled with lightweight refrac-
tory fibers (such as microquartz). The ductile honeycomb core tends to isolate
the brittle closed-pore foam insulation from the rigid backside metallic struc-
ture which is in turn attached to the primary structure. The cenospheres (which
are spherical, hollow glass particles) are heated in a mold in air or any inert
atmosphere at firing temperatures in the range of between 2500 to 3000 F, and the

cenospheres then shrink together to form a closed-pore ceramic foam. The two

problems with the closed-pore foam insulation are a relatively high density and
the tendency to develop hairline stress cracks in pieces with the thickness
necessary to provide sufficient heat retardation. Stated another way, the
thermal conductivity of this foam insulation is too high, and the thickness of

the foam insulation must therefore be increased to provide sufficient heat trans-

fer retardation.

Another high-temperature insulating material is carbonized granulated cork
(Ref. 9) that has been molded to the desired shape. The cork particles are

placed in a mold and are then heated at a temperature of about 570 F. This tem-
perature level effects the flow of the lignin (naturally found in cork) which
acts as a binder. Then the bound cork granules are carbonized in an inert atmos-
phere such as argon or helium. The carbonized cork material may then be graph-

tized, at a suitable temperature of about 5400 F. One application for this
graphite cork material is to insulate heat sources in radio-isotopic thermo-
electric generators for space applications, and an important feature of this
material is that its thermal conductivity does not increase with temperature, in

contrast to the temperature dependence of carbon foam and fibrous carbon.

Graphite flakes and fibers have also been developed for high-temperature
heat transfer retardation devices. Graphite flakes (Ref. 10) are placed in

fibrous thermal insulation to increase the opacity of the composite insulation to
' radiation. Thin graphite flakes are oriented in the fibrous insulation with the

maximum dimension of each flake being approximately perpendicular to the expected
direction of heat flow through the composite. A mixture of water and starch
particulates is used as the binder to secure the flakes to the fibers. The

resulting slurry of fibers, graphite flakes and the water and starch is vacuum
formed into the desired configuration. The slurry is then heated to gelatinize
the starch, and then the dried mixture is heated further so that the starch is
converted to carbon which thereby joins the fibers together. Composite insula-
tion fabricated by this approach was tested at temperatures above 3800 F in a

vacuum.
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In another approach to decreasing heat transfer by radiation, Deschamps and
Bernier (Ref. 11) coat the insulation, either a fiber base or spheres, with a

thin layer of highly heat-reflective, low emissivity material. In the case of
spheres in a vacuum atmosphere, the point contact between the spheres results in
poor heat transfer by conduction, and the vacuum conditions substantially elimin-
ate convection heat transfer. Then, if the spheres are coated with reflective
material, the radiation mode of heat transfer is also substantially eliminated.
A fibrous base material can also be used instead of the spheres. For example,
Min-K can be used with the fibers coated with a thin layer of highly heat reflec-
tive, low emissivity material, preferably a metal which can be applied by a
vacuum sputtering technique to deposit a film on each fiber in a mass of fibers.

Asbury and Googin (Ref. 12) have developed an inorganic thermal insulation
that is made from minute particles of silicon oxide mixed with inorganic fibers,
an organic wetting agent, and octanoic acid that will act as a binder for the
silicon oxide particles. The mixture is heated, ground, pressed into a mold with
the desired configuration, and then lightly sintered in an inert atmosphere. The
thermal conductivity of the resulting material was measured at temperatures as
high as 2700 F.

Vogan and Trumball (Ref. 13) have investigated metal-ceramic composites with
a magnesia foam backing for use on nose caps and leading edges of re-entry vehi-
cles. Alumina with metal honeycomb reinforcements was evaluated, and the
preferred system is a partially crushed honeycomb structure in which the honey-
comb is bonded to the desired backing material and partially filled with a
fibrous insulating material. The rest of the structure is filled with an
alumina-binder mix which is pressed into place and cured at 800 F. Chemically-
bonded zirconia has also been examined and found to work very well as the
ceramic. Superalloy honeycomb materials were found to be satisfactory for
temperatures of up to 3000 F, even though some melting can occur at the surface.
The ceramic retention is considerably improved by partially crushing the honey-
comb. This crushing is accomplished without buckling the honeycomb by fitting it
with a matrix material that is removed after the honeycomb has been compressed.
The metal honeycomb reinforcements primarily serve to control thermal shock and
to limit subsequent crack growth. Ceramic foams were developed as an insulating
backing to the metal-ceramic honeycomb structures, in order to protect the sup-
port structure from heat. The best zirconia foams were produced by a chemical
blowing process, where the pores in the ceramic are produced by a gas generated
through a chemical reaction between zirconium metal and phosphoric acid. Mechan-
ically wipped foams were also investigated, because satisfactory chemically blown
magnesia foams could not be developed within their time schedule. Three methods
of reinforcing the ceramic bodies were investigated: the metal honeycomb dis-
cussed above, wires, and flame-sprayed backings. Ceramic samples containing
magnesia and wire reinforcements were prepared by pressing them at 12,000 psi and
then sintering them in an argon atmosphere for 20 hrs at 2200 F. The samples
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containing tantalum and tungsten wires cracked during sintering, but the samples
with platinum, molybdenum or Rene 41 did not crack. Cracking in the tantalum
sample was attributed to differential thermal expansion between the two mater-
ials. Flame-sprayed backings were also investigated because the resistance to
spalling shown by the magnesia body indicated that metal reinforcement might not
be needed throughout the ceramic phase. Three samples were tested, but cracks
occurred in one and delamination of the flame-sprayed surface occurred with the
other two samples.

An amorphous carbon-layered composite has been developed by Allen and Lysher
(Ref. 14). This thermal insulation consists of separate layers of particulate
material selected from materials with low thermal conductivity above 1800 F and
from materials with low thermal conductivity below 1800 F. These layers are
separated by one or more layers of metal sheets, which act as radiation shields
and internal structural support for the particulate layers and as barriers to
transverse fracturing. The insulation layers are composed of unbonded particles
which have a lower thermal conductivity than materials with particles that are
physically or chemically bonded together. For example, in a three-layer compos-
ite, the outer layer could be amorphous carbon black which has low thermal
conductivity above 1800 F. The middle layer of metal could be a sheet of tanta-
lum foil, while the inside layer could be zirconia which has low thermal conduc-
tivity below 1800 F.

Thin thermal barrier coatings have been investigated for the protection of
cooled rocket nozzles and gas turbine components (Ref. 15). A thermal barrier
coating is a thin layer of ceramic applied, for example, to the hot-section
components of a gas turbine. The basic concept of heat barrier coatings is that
the thermal resistance of the coating reduces the heat flux through the chamber
wall (in the instance of a rocket engine), thereby keeping the metal surface
temperature below the acceptable limits. The selection of the optimum thermal

*resistance is generally a compromise between the coating thickness and the
required thermal protection. Thick coatings are to be avoided for three reasons:
economics, convenience in applying the coating, and minimization of thermal
shock. Typically, coating thicknesses of 0.015 in. are used, but coatings this
thin can provide only modest levels of heat transfer retardation because the
thermal conductivity of ceramic metals such as yttria-stabilized zirconia are
relatively high.

Research at United Technologies/Pratt and Whitney Division (Refs. 16, 17 and
18) has investigated plasma-sprayed yttria-stabilized zirconia (ceramic) for use
in gas turbine blade-tip seals for operation at temperatures up to 2400 F. These

seals have a ceramic thickness of 0.15 in. The weight fraction of the zirconia
spray powder can be varied to tailor the thermal conductivity of a material
designed for use at a given maximum temperature. The blade-tip seals have a dual
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function of not only providing a gas-path seal in the turbine but also providing
thermal protection for the support structure.

Pechman and Beasley (Ref. 19) describe ceramic glaze coatings which are
nonporous and impervious to moisture and which can withstand repeated exposures
to alternating high and low temperatures. The coatings were applied to fibrous
silica insulation which has a low coefficient of thermal expansion and a low
emissivity. If a suitable ceramic glaze coating is not used, fibrous insulations
can readily absorb moisture.

An extensive investigation of thermal protection system was conducted by
'N Hurwicz and Mascola (Ref. 20) for use on the exterior of glide reentry vehicles.

Their study concentrated on radiation and radiation/ablation systems for thermal
protection. Extensive performance studies were conducted on the weight of radia-
tion shields, including the effect of backface cooling, as a function of ideal-
ized material properties (density, thermal conductivity, and specific heat),
for typical reentry glide vehicle heating rates and stagnation enthalpy. Simi-
larly, extensive performance studies were conducted for radiation/ablation
shields as a function of idealized material properties, including the ablation
temperature and the heat of ablation. Models of radiation shields were made, in
the form of flat plates, of pyrolytic graphite and also of molybdenum with the
front face coated by a chromium diffusion process for oxidation protection.
Radiation/ablation models in the shape of spherical-radius blunt-nosed cylinders
were made of four different materials: X4000 and X5000 (experimental materials
under development at the time by Avco); Teflon; and a zirconia matrix filled with
polymethylmethacrylate.

Many candidate ablation materials have been studied for various applica-

tions, depending upon the heat rates and their duration. Weinberg (Ref. 21)
developed an ablating material which consists of a char-forming polymer and a
mixture of a solid noble-gas fluoride and sulfur. The heat generated during
reentry by friction between the earth's atmosphere and the heat shield causes the
sulfur and the fluoride to react thereby forming gases which are discharged into

F the aerodynamic flow field of the spacecraft. These gases act as a quenching
agent that protects the spacecraft from the heat generated during reentry. The

* ablating material is formed in a mold of the desired shape and is then cured in
an oven at approximately 300 F.

Three classes of materials have generally been found to be suitable for
ablative thermal protection systems on reentry vehicles: refractories and
ceramics, plastics, and composites. Graphite systems have been examined for
reentry vehicles because of their relatively low ablation rates, which result in
low levels of material loss and shape change in areas subject to high heating
rates such as small-radius leading edges and ballistic missile nose tips. Graph-
ite sublimes at temperatures as high as 6500 F and absorbs or rejects the heat
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through the combined mechanisms of radiation, oxidation, sublimation, and sensi-
ble heating. Pyrolytic graphite, formed by the deposition of graphite layers and
hence very anisotropic, has a very low thermal conductivity in the direction
normal to the deposition plane. The major drawbacks to using graphite are its
brittleness and low resistance to thermal stress, which mean that thick pieces
can not be used. Also, delamination of pyrolytic graphite can occur at high
temperature and high thermal stresses, and pyrolytic graphite is difficult and
expensive to manufacture.

Ceramic-based ablators have problems with thermal stress failures, but this
problem can be lessened by placing the ceramic in a metallic honeycomb. Resin-
impregnated porous ceramics (Ref. 22) have better ablation characteristics
because the resin component increases the composite strength and the thermal
shock resistance. Further the thermal conductivity is reduced and high environ-
mental temperatures can be handled without exceeding the melting or decomposition
temperature of the ceramic. The possible porous ceramics include silica, zir-
conia, alumina, magnesia, thoria, carbides, borides and silicides. Candidate
resin impregnants include the phenolics, epoxies, acrylics, and polystrenes.
Metal-base ablators (Ref. 23) have also been studied. A porous refractory skele-
ton, tungsten for example, is filled with a metallic infiltrant, such as copper
or silver, that has a lover melting point.

Plastic-base ablators, such as teflon for low-temperature applications, are
widely used because of their high heat shielding capability and low thermal con-
ductivity, but their disadvantages are high erosion rates when exposed to high
gasdynamic shear forces and their inability to handle very high heat loads. The

mechanisms by which plastic-base ablators handle the heat vary: depolymerization
and vaporization for teflon; pyrolysis and vaporization for phenolics and epoxy
resins; and decomposition, melting, and vaporization for nylon-fiber-reinforced
plastic.

Composites, in the form of charring-ablator heat shields, are of great
interest to designers of thermal protection systems. This type of heat shield
can be made of a thermosetting resin (such as the phenolics, epoxies, or sili-
cones) and a refractory fiber (such as glass, asbestos, graphite, or nylon).
When the heat shield is heated, the resin begins to decompose (pyrolzye) and
releases gaseous products, leaving a porous carbonaceous residue. The gaseous
products diffuse through the porous char to the surface, decomposing further and

. absorbing heat from the char. The gases exit into the boundary layer where they
act as a transpirant. The fibers add strength to the char and thereby reduce its
removal which could be caused by mechanical shear and/or by spalling. A thick
char, primarily carbonaceous, acts as an insulation barrier and radiates heat
from the surface, as well as being an efficient ablation material.
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1.1.2 Experimental Data on Heat Transfer Retardation Characteristics

Because the heat transfer retardation characteristics of most suitable mat-

erials have to be determined experimentally, most of the investigators of the
materials discussed in the previous section have run some sort of experiments to
determine these characteristics. These measurements could include density, ther-
mal conductivity, specific heat and emissivity, and, for ablation materials,

ablation temperature and heat of ablation.

The type of experiments that have been conducted can be generally divided

into two classes: experiments with a composite heat transfer retardation device,

and experiments on individual materials that have been developed for subsequent
incorporation into a heat transfer retardation device.

Experiments with composite heat transfer retardation devices have been run
on test sections developed for highly specific applications. Giemza et al. (Ref.

1) conducted extensive experiments to develop a composite reinforced ceramic-foam
S. heat shield-sandwich structure for a superorbital reentry environment and temper-

atures in excess of 3000 F for a period of up to one hour. Tobin et al. (Ref. 7)
tested a closed-pore insulation material with plasma arc jet tests to simulate

entry heating conditions for external insulation on the space shuttle. An arc-
driven supersonic wind tunnel was used by Hurwicz and Mascola (Ref. 20) to test

both radiation models (made of pyrolytic graphite and of molybdenum) and also
radiation/ablation models (made of Teflon, of zirconia impregnated with polymeth-

ylmethacrylate, and of two experimental materials being developed by Avco at that

time). Martynenko et al. (Ref. 6) tested the high-alumina wool tubing under ac-
tual operating conditions of carrying molten bronze alloy at approximately 1800 F.

Erosion-shield tiles made of D-36 Columbium tiles and felt ins,.lation on the
cold side were tested by Clawson (Ref. 24) under conditions to simulate the heat

loading of a radiation-cooled hot-structure reentry vehicle. Radiant heat lamps
were used to heat the tile surface only, and control was by temperature rather

than heat flux. Temperature-time data was obtained for a thermocouple on the

back side of the columbium tile.

In addition to the experiments described above for composite heat transfer
retardation devices, other investigators have developed and tested individual

materials that may be suitable for incorporation into composite multi-layered

heat transfer retardation devices. Rolinski et al. (Ref. 3) measure the thermal

conductivity of a number of low-density fibrous insulations for use in reusable
reentry and hypersonic cruise vehicles. Chapman (Ref. 5) conducted experiments

to investigate the integrity of rigidized ceramic fibers with a high-emittance
coating at conditions twice as severe as predicted shuttle reentry. Klett (Ref.
9) measured the density, thermal conductivity, crush stress, and modulus of elas-
ticity for the carbonized granulated cork that he developed. Ardary et al.
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(Ref. 10) measured the density, thermal conductivity, compressive strength, and
modulus of elasticity of the material containing graphite flakes and fibers that

they developed. The thermal conductivity and density of the inorganic thermal
insulation made from silicon oxide particles and inorganic fibers was measured by

Asbury and Googin (Ref. 12). Allen and Lysher (Ref. 14) measured the thermal
conductivity of the amorphous carbon-layered composite that they developed.

Extensive tests were conducted by Vogan and Trumball (Ref. 13) in their I
development program for metal-ceramic composite heat transfer retardation mater-
ials. Thoria and magnesia bodies were tested for thermal shock resistance using

oxyacetylene and plasma torches. The modulus of rupture, thermal expansion,

relative emittance, foam compressive strength and impact strength were measured
for the various thoria, magnesia, and zirconia metal-ceramic composites that they
examined.

The ablation characteristics of many materials suitable for radiation/abla-

tion heat shields have also been measured. For example, Straus (Ref. 22) tested
impregnated alumina, zirconia, and silica foams in an oxyacetylene torch facility
to determine the back-face temperature rise for various heating rates. Further

tests were also done in a high-mass-flow hot-gas facility to measure the
strength, erosion resistance, and thermal shock resistance of impregnated cera-

*mics. Weinberg (Ref. 21) tested the char-forming polymer ablating heat shield
*material that he developed, with a high-temperature, high-velocity gas to simu-

late conditions for spacecraft reentry. Maloof (Ref. 23) tested a tungsten-
based composite ablation material in an arc-plasma generator. -:

Lt-

1.1.3 Analyses of Retardation Characteristics

Heat transfer analyses have been conducted for a number of heat transfer

retardation devices. Generally, many of these analyses have been computerized

numerical analyses for a specific protection device subjected to the transient
heating profile for the reentry vehicle being developed. Clawson (Ref. 24) used

a large digital-computer program for the transient two-dimensional and three-
dimensional thermal analyses of insulated panels for a glide reentry vehicle,
with the temperature-altitude combinations used in the analyses typical of those

expected.

Extensive parametric system studies were conducted by Hurwicz and Mascola
(Ref. 20) for radiation heat shields and radiation-ablation heat shields, both

with and without backface cooling. Specific reentry environments were selected,
and the thermophysical properties of idealized materials were varied to see the
parametric effect on heat shield performance in terms of required heat shield
weight for the mission. The analytical results were used to aid the design of

the experimental test sections that were subsequently tested.
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A digital computer code was developed by Rathjen (Ref. 25) for the analysis
of two-dimensional transient heating of hypersonic vehicles. The aerodynamic
heating boundary conditions are calculated by the code based on the input flight

trajectory, and the method of solution is a hybrid analytical-numerical tech-
nique. This solution method is computationally more efficient than conventional
explicit finite-difference methods when structures with small time constants are

analyzed over long flight trajectories.

A different approach to heat shield design was taken by Garcia and Fowler
(Ref. 26). They investigated optimal entry trajectories for the space shuttle

that minimize the weight of the thermal protection system. Two types of thermal
protection systems were considered: a metallic system, with insulation behind
the metal panel; and also a reusable surface-insulation thermal protection sys-
tem. Optimal entry paths were generated using the maximum orbiter nose tempera-

ture as a parameter.

Giemza et al. (Ref. 1) conducted parametric analyses to optimize the struc-

tural honeycomb cell size of their composite heat shield structure. Their study
was mainly concerned with the development of manufacturing processes for the
composite reinforced ceramic-foam heat shield structure, but stress analyses were

also conducted as a part of the study.

Generally, two types of analyses have been conducted by previous investiga-
tors. The first type is an extremely detailed numerical thermal analysis,

usually two-dimensional and sometimes three-dimensional, where the performance of
a specific design is intensively studied for its transient retardation response
for specific reentry trajectories and/or thermal loadings. This type of analysis

normally requires a computerized code to obtain the detailed numerical results of

temperatures at the numerous nodes as a function of time. The second type of
analysis is a more generalized heat flow network and does not examine the
response to specific thermal loads such as a reentry trajectory. Rather, a one-
dimensional heat flow network is used to compare various proposed thermal retar-
dation devices on the basis of the overall thermal resistance of the composite

geometry. Actually, many heat loads will be applied in a nearly one-dimensional
pattern.

Furthermore, for new materials that have been recently developed, the speci-

fic application may not have been identified with its specific thermal loading,
but it is still necessary to compare the heat transfer retardation characteris-
tics of the composite retardation device incorporating the new material to other

candidate configurations/composites. Hence, the one-dimensional network analysis
can be very useful for basic comparisons between candidate retardation devices

*. without getting deeply involved in the detailed calculations and the specifics of
the transient thermal load. Later, for the purposes of detailed designs prepara-
tory to fabricating the actual retardation device for a specific application,

..,
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detailed two- or three-dimensional thermal analyses of the proposed device would

be extremely desirable.

1.1.4 Crucial Problems Related to Heat Transfer Retardation

On the basis of the survey of the literature described above, the following
problems have been identified as crucial in the development and design of heat

transfer retardation devices for high-temperature applications. Generally the
crucial problems can be grouped into three areas: the temperature capability of
available materials, the retardation and weight characteristics, and the stress

and attachment problems.

The purpose of a heat transfer retardation device is to protect equipment

and load-carrying structures from thermal loads which would otherwise compromise
the integrity of the equipment and the structure. Thus the retardation device

must provide thermal protection and also maintain its integrity by not cracking
after exposure to the severe operating environment. The strain in the load-car-
rying structure being protected must be compatible with the strain allowable in
the retardation device, and the retardation device must also be able to handle

the thermal strain induced by the environment. Fatigue strength may also be a

factor, depending upon the duration and cyclicality of the combined loading, both
thermally indiced and structural contributions. Further, some materials may have
potential spalling problems that must be addressed, depending upon the combina-

tion of environmental characteristics.

One of the most critical factors in the design of a heat transfer retarda-
tion device is the match between the thermal expansion of the retardation device
and that of the adjacent structure if a rigid bond is used. On the other hand,

the use of a flexible bond here would greatly reduce the problems associated with
pdifferential thermal expansion, but the availability of flexible bonds that can

handle wide temperature ranges is very limited. These bonding related problems
have resulted in the development of composite configurations where the
retardation device also provides the necessary structure.

Another major design factor for thermal retardation devices for reentry
vehicles is shape retention, particularly small-radius surfaces such as leading

edges and nose tips where erosion can occur and/or ablation can change the shape.
Shape changes, could result in changes in the aerodynamic and/or thermal loading

characteristics.

A third important design factor is the manufacturability of the retardation
device. The materials of construction must be transformable into the designed
shape of the retardation device. The inclusion of the bonding materials must
also be considered in the design of the retardation device, as these materials

may require a curing process after the composite has been assembled.
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1.1.5 Passive Laser Countermeasures

When a laser beam impinges upon an opaque target material, the beam is
absorbed in a thin surface layer and heat is developed in this thin layer.
Simultaneously heat is conducted into the interior of the material, but heat
conduction can not provide a sufficient outlet for the large incident laser
energy fluxes that are likely to be encountered in passive laser countermeasure
applications. At these high energy fluxes, the surface of the target material
will melt and a fusion interface will propagate into the interior of the mater-
ial. The heating rate is determined by the heat flux which can be lower than the
optical flux density at the surface of the target because part of the incident
beam may be reflected by the surface. The heat flux into the target is equal to
(l-R) times the optical flux density of the beam, where R is the reflectance of
the surface and is a strong function of factors such as the surface finish of the
target material (including its state of oxidation), the temperature of the target
surface, and the wavelength of the incident beam.

The power levels relevant to passive laser countermeasures are indicated in
Fig. 1.2, based on information from Ref. 27. Current ablative technology is
judged to be in the range of 10 to 20 kilojoules/cm 2 , while current military
laser technology at a distance of 2200 miles is judged to be less than aT .oxi-
mately 5 kilojoules/cm 2 . Based on these energy levels then, the anticipatad
laser power levels of interest and the duration of the beam can be inferred. For
long-distance lasers in the range of 10 kW/cm 2 , the durttva of tt;y* beam is
likely to be measured in seconds, at current technoloV ievels. Furthermore, as 2
shown in Fig. 1.3, the elapsed time before surface melting of a slab of ATJ
graphite commences will be measured in fractions of a second for laser power
levels greater than 5 kW/cm 2 .
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1.2 Definition of Candidate Structural Configurations "

Candidate structural configurations for heat transfer retardation should be
selected to minimize the heat transfer rate in terms of the heat transfer modes
operative at the expected temperature levels. The possible modes of heat trans-

fer through the retardation device would include: radiation through porous
structures; conduction through the solid and also the working gas if the struc-
ture is porous; and possibly even natural convection if the cells of the porous
structure are open and large. Candidate structural configurations should
minimize heat transfer by all relevant modes. Other important considerations

include weight characteristics, maximum operating temperatures including
cognizance of any time-at-temperature limitations, and mechanical strength and
thermal shock characteristics. Specifics concerning the effective thermal
conductivity, the effective density, and the maximum operating temperatures of

candidate materials will be discussed in Section 1.3 - Physical Properties of

Candidate Materials.

Structural configurations of retardation materials for hot-gas applications
can be grouped into five general categories, as shown in Table 1.1. These five

categories are: fibrous, ceramic foam, ceramic composite, radiation/layered, and

powder materials.

1.2.1 Fibrous Configurations

Fibrous insulations are a familiar type and generally have the lowest values
of effective thermal conductivity (k) and effective density (p). The low
effective thermal conductivity can be attributed to the poor thermal contact

between the individual fibers that make up the insulation and that are roughly

aligned in planes perpendicular to the direction of heat transfer. If the pore

size of the insulation is extremely small, then the heat transfer rate by
molecular conduction through the gas phase is very low. The fibers themselves
scatter the radiant energy and thereby limit heat transfer by radiation. The low

effective density can be attributed to the high porosity of the collection of
fibers that form the overall insulation.

1.2.2 Ceramic Foams

Ceramic foams are essentially ceramic materials into which small voids have

been introduced. Two techniques have been used in the past to produce these
foams: chemical blowing and mechanical whipping. Chemically blown foams can be

produced by gas generated in a chemical reaction throughout the substance which
starts as a liquid suspension of ceramic particles. The substance with the
entrapped bubbles is then cured to form the hard ceramic foam. Mechanically

* whipped foams are produced by mechanical agitation of a liquid suspension of
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ceramic particles, thereby entrapping air to produce the voids in the ceramic

foam upon curing. Ceramic foams generally have higher values of the effective
thermal conductivity and effective density than those of fibrous insulations.

The conductivity is higher, in part, because of solid conduction through the cell
walls and therefore the absence of internal contact resistance that exists in
fibrous insulations. However, foamed materials have structural advantages that
the structure-less fibrous materials do not have.

1.2.3 Ceramic Composites

Glass matrix composites with high-strength fibers have been under

development in recent years for gas-turbine applications. The use of fibers

- exhibiting high strength and stiffness can successfully reinforce low-modulus
glass matrices, but limitations on use temperature occur. The more recent devel-

*, opment of high-silica glass matrix composites resulted in higher thermal stabil-

ity, but these higher use temperatures resulted in significantly greater
fabrication problems than those of materials with lower use temperatures, because

*" of the much higher viscosity of the higher temperature glass matrix during
composite consolidation. To reduce these fabrication problems, a glass-ceramic
was used as the composite matrix, with the resultant combination of high use __

* temperature and simpler fabrication. Composite densification can occur while the

matrix is maintained in a low viscosity glass state while composite structural
use can take place after the matrix has been crystallized for thermal stability.
Thus far, ceramic composites have been reproducibly fabricated with exceptional
mechanical and thermal properties to temperatures of approximately 1800 F.

• . However, accompanying the excellent mechanical and thermal properties which are
useful for structural purposes, the effective thermal conductivity and density of
ceramic composites are relatively high for insulation applications, in part
because the ceramic composites are solid materials.

1.2.4 Radiation/Layered Configurations

The fourth category of candidate structural configurations is radiation/

layered, where thin layers of metallic foil such as tantalum are wrapped with -.

fibrous layers. The purpose of the metallic foil is to reduce radiation through

the insulation layer, but experimental data (Ref. 28) suggests that the effective

thermal conductivity of the combination at high temperature increases over time
because of reactions between the foil and the fibrous layer. The deteriorated
values of the effective thermal conductivity of the combination are higher than
the values of purely fibrous insulations. If radiation/layered materials were

experimentally developed, then these materials could be advantageously used to

provide efficient insulation. Nevertheless, radiation/layered materials are
difficult to use in real systems that have curved surfaces or small dimen-
sions.
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1.2.5 Powders

The last category of candidate structural configurations is powders, which
are used in cryogenic applications and medium-temperature applications where thin
metal structures can be used to contain the powders. For high-temperature

applications, several problems arise for the potential use of powders. Metals
can not be used for containment at high temperatures in hot-gas applications, and
most powder materials have undesirable sintering and compaction (or shrinkage)

behavior and also can be typically several times as dense as ceramic foam. Solid
conduction is limited in powder materials because of the thermal resistance at
the many contact points, and the fine powder also scatters and attenuates thermal

radiation thereby reducing heat transfer by this mode through the insulation.

1.2.6 Suary of Candidate Structural Configurations

Generally speaking, the following statements can be made about the candidate
structural configurations for hot-gas applications, and details on the physical
properties of candidate materials for these structural configurations will be
discussed in Section 1.3. Currently, the maximum operating temperature of
insulation materials available in the open literature is 3000 F or less. The
fibrous materials generally have the lowest values of effective thermal conduc-

tivity and density, primarily because of their porosity, but they provide no
mechanical rigidity and have maximum operating temperatures of 2700 F or less -

generally quite a bit less than 2700 F for most fibrous materials. Ceramic foams
have values of effective thermal conductivity and effective density that are

higher than fibrous materials. Foams do have mechanical structure and some have
maximum operating temperatures of 3000 F. Ceramic composites have excellent

mechanical and thermal properties but are currently limited to maximum operatino
temperatures of approximately 1800 F because of oxidation problems. Composites

also have a relatively high thermal conductivity and density when compared with

ceramic foams or fibrous insulations. Radiation/layered materials have
undesirable reactions at high temperatures between the metallic layers and the
fibrous layers, which reactions result in an adversely increasing effective
thermal conductivity. Powder materials have containment problems in hot-gas
applications, and also undesirable compaction and sintering occurs.

1.2.7 Structural Configurations for Passive Laser Countermeasures

Candidate configurations for passive laser countermeasures could involve
several mechanisms of heat transfer, as indicated in Fig. 1.4. The laser beam
impinges upon the outside surface of the passive countermeasure device and is
partially reflected by the thin reflective layer. The laser energy that is not
reflected can burn through this outside layer and then begin to burn through the
ablative layer. If the ablative layer is thick enough to outlast the relatively
short duration of the laser attack, then this layer would remain intact but be at
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a high temperature, for example 4000 F. The insulating layer inside the ablative
layer would then protect the thermal wave from penetrating and overheating the
underlying metal structure and/or electronics. At these temperature levels, both
conduction through the solid and radiation heat transfer will be contributing
modes if the insulating layer is porous, which is the case for fibrous insula-
tions and ceramic foam insulations. Furthermore, if there is gas within the
porous insulation layer, then gas conduction will also occur, in addition to
conduction through the solid portion of the insulation.
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1.3 Physical Properties of Candidate Materials

Candidate materials for heat transfer retardation in hot-gas applications

have been identified for the candidate structural configurations discussed above

in Section 1.2. Table 1.2 sumnarizes these candidate materials in terms of their

structural configuration. Powder materials are not included because of obvious

contaiument problems for hot-gas applications, not to mention the undesirable
sintering and compaction problems of powders at high temperatures. In th..

section, the thermophysical properties of candidate materials for heat transfer

retardation configurations have been examined using data from the literature.

* 1.3.1 Insulation Performance Factor

The effective thermal conductivity of candidate materials is obviously

* important for the prediction of heat loss and the temperature drop through a
S given thickness of that material. But material density is also an important
consideration if the retardation device is to be lightweight. A simple thermo-

physical factor that combines density and thermal conductivity can be developed

* to rate the candidate insulation materials in terms of relative weight and there-

by to select the material for each layer of a multi-layer retardation device that
has the lowest relative weight.

The Fourier conduction law can be used to describe the heat transfer (q/A)

across a thickness of insulation:

k
q/A (TI - T2 )

where k is the effective thermal conductivity, 6 is the thickness of insulation

in the direction of heat flow across the temperature differential. Hence, by

rearrangement:

k
6(T -T (1.2)

(q/A) 2

The weight of insulation per unit face area (Wt/A) is given by the expression:

Wt/A p6  (1.3)
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where 6 is the effective density of the insulation. By combining Eqs. 1.2 and :1
1.3 to eliminate 6, then the following expression for the unit weight of the
insulation material is obtained:

Wt/A - pk (TqlAT/ (Q.4)

Therefore, with a given temperature difference across the material and a ,
specified heat loss, the relative weight of an insulating material is propor-
tional to the factor, pk. In other words, for a lightweight heat transfer
device, materials with low values of pk are desirable.

Figure 1.5 shows the effective thermal conductivity of selected materials as
a function of mean temperature of the material. The effective thermal conduc-
tivity of a material is a measured value and therefore includes all operative

modes of heat transfer across the material, at the temperature level of
interest. This thermal conductivity data is re-plotted in Fig. 1.6 as the
insulation performance factor, pk, and the relative position of some of the
insulation materials changes because of their density. For example, Min-k
insulation has a very low value of effective thermal conductivity, as seen in
Fig. 1.5, but its value of the insulation performance factor is not as relatively

* favorable, as seen in Fig. 1.6. The selected materials of construction in

Figs. 1.5 and 1.6 will be discussed in more detail in the text following, in

groups according to their structural configurations.

1.3.2 Fibrous Materials

Candidate fibrous materials considered for use in high-temperature heat
transfer retardation devices include: Dynaquartz (silica), alumina, zirconia,

graphite, and Min-k. Dynaquartz fibrous insulation, manufactured by the Manville

Corporation, has a very low value of thermal conpductivity and also a very low
value of the insulation performance factor (pk), as seen in Fig. 1.6. This

insulation has a maximum operating temperature of 2700 F, according to test

results (Ref. 28).

Alumina fibrous insulation may be stable up to about 3200 F, but it is quite
costly as compared to Dynaquartz and the effective thermal conductivity is about
30 percent higher than that of Dynaquartz (Ref. 29). Zirconia fibrous materials
have major problems with undesirable shrinkage and reaction at temperatures over
2500 F (Refs. 29 and 30). Tests (Ref. 30) with "Saffil Zirconia HT" in the form
of fibercakes showed less than 15 percent linear shrinkage for a time period on

. the order of only 100 hours at 2550 F, and the same material in the form of
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fibrous blankets showed 15 percent shrinkage in less than 25 hours at 2550 F.
Either period of time is too short for relatively long-term applications such as
protection walls in gas turbine combustors and nozzles. Graphite has a
relatively high thermal conductivity for use as an insulation material, and it 1A
can not be used in an oxidizing atmosphere.

Fibrous insulation Min-k, manufactured by the Manville Corporation, has a
medium value of the pk product, but it has a maximum long-term use temperature of
1800 F. Actually, the thermal conductivity of Min-k is very low, but its density
is too high for light-weight applications. For applications where weight is not
a prime consideration, Min-k is a familiar insulation in the form of a fibrous
blanket for applications at 1800 F or lower.

1.3.3 Ceramic Composites

Ceramic composites have been under development (Ref. 31) in recent years as
a structural material for high-temperature hot-gas applications. The term,
ceramic composites, refers to materials where fibers exhibiting high strength and
stiffness are used to reinforce a low-modulus glass matrix. Fibers made of
graphite, alumina, or silicon carbide have been utilized. The glass matrix
composite using SiC fiber was found to be capable of achieving excellent
mechanical properties at temperatures of up to 1100 F (Ref. 32), but the
borosilicate glass matrix that was used did not allow the high temperature

,, potential of the SiC fibers to be realized. In response to this need for higher
use temperatures, high-silica glass (Ref. 33) was tried as the matrix and, while
higher use temperatures were achieved, this approach resulted in significantly
greater fabrication problems because of the higher viscosity of this glass during
composite consolidation. To reduce the fabrication problems, a glass-ceramic was
used as the composite matrix, which use resulted in a combination of high

composite use temperature and also fabrication ease, because composite densifica-
tion can occur while the matrix is maintained in a low-viscosity glass state
while the composite can be used structurally after the matrix has been crystal-
lized for thermal stability.

Currently, ceramic composites have been developed for maximum operating
temperatures of 1800 F, with the limitation occurring because of oxidation
problems. The ceramic composite consisting of SiC yarn reinforced lithium
aluminosilicate glass ceramic has an effective thermal conductivity of 1.1
BTU/hr-ft-F (in a direction perpendicular to the fibers) at 1800 F, which value
is high compared to the thermal conductivity of Dynaquartz of 0.098 BTU/hr-ft-F
at the same temperature. Further, although light when compared with metals,
ceramic composites are relatively heavy (with a density of 156 lbm/ft 3) when
compared to the values for Dynaquartz of 4 to 6 lbm/ft 3 . Thus the insulation
performance factor (pk) of ceramic composites is too high for their use as an
insulation, but ceramic composites do have excellent mechanical properties that
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the ceramic foams lack. And ceramic composites have the structure that fibrous

insulations lack. If the maximum use temperature of ceramic composites were to

be increased to the neighborhood of 3000 F by continued development, then a thin

layer of ceramic composite could provide structure as the outer layer of a multi-

layer retardation device, with the internal fibrous layer(s) providing the bulk

of the resistance to heat transfer.

1.3.4 Ceramic Foam Materials

There are several candidate materials in the category of ceramic foams:

" All-Alumina foam, Alumina foam, and SiC foam. In general, although the foams

* have structure, they are quite brittle. Values of the effective thermal conduc-

tivity for these three foams are shown in Fig. 1.5. The All-Alumina foam, a

high-purity foam made by RIM Products Corporation, has the lowest conductivity of

*. the three foams in the temperature range of interest. The conductivity of the
SiC foam is more than twice as high as the value for either of the alumina foams,

-" which circumstance greatly reduces interest in SiC foam as a potential insulating

material.

The insulation performance factor is shown in Fig. 1.6 for these three

ceramic foams. Because the alumina foam (manufactured by Norton with a porosity

of 88 percent) has a density that is about twice that of the All-Alumina foam

the All-Alumina foam has an insulation performance factor that is favorably I
lower than that of the alumina foam, as well as much lower than the value for the

SiC foam. Hence the ceramic foam with the most interest for high-temperature

* retardation applications is the All-Alumina foam.

1.3.5 Radiation/Layered Materials

Several radiation/layered materials, consisting of alternate layers of a

fibrous or paper insulation and of a metal foil, have been tested (Ref. 28). One

of the configurations tested was formed with alternate layers of an insulating

paper ("Dexiglas" paper, which is about 50 percent SiO2) and aluminum foil (0.002

in. thick). The other configuration tested was formed with alternate layers of

an insulating paper ("Fiberfrax" paper, which has almost equal portions of A1203
and SiO 2) and tantalum foil (0.0005 in. thick).

However, both configurations encountered problems caused by temperature at

about the 2500 F level on the hot side. The aluminum foil apparently melted in

the one configuration, while reactions between the tantalum foil and the aluminum
silicates in the paper were the apparent cause of the deterioration of the second

configuration. Basically, the effective thermal conductivity showed about a 50

percent increase for the data taken after the maximum hot side temperature had

been reached. However, before the deterioration occurred, the thermal

J
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conductivity of the tantalum configuration was about 30 percent lower than that

of the Dynaquartz fibrous insulation (Ref. 28).

Hence, if a multi-foil insulation could be developed to eliminate this
deterioration, it would be a promising insulation. One problem would still be

the density of the fibrous layer, because "Fiberfrax" has a density of about
15 Ibm/ft3 , as compared to the Dynaquartz density of 4 to 7 lbm/ft 3 depending on
the compaction. Thus the insulation performance factor of Dynaquartz would still
be lower than that of a radiation/layered insulation that had a paper layer with
a density on the order of 15 lbm/ft 3 .

1.3.6 Materials for Passive Laser Countermeasures

.. As mentioned above in Section 1.1.5, the reflectivity of the target is
important in laser countermeasures applications because high reflectivity

*2 favorably reduces the amount of energy that is absorbed by the retardation
device. Typical reflectivity values (from Ref. 34) for metals with smooth

surfaces are shown as a function of beam wavelength in Fig. 1.7. CO2 lasers have
a wavelength of 10.6 microns, where the reflectivity is high for all these metals I"

with polished smooth surfaces. Rough surface finishes and surface oxides (which

can be formed while the surface is being heated) will reduce the reflectivity.

', The effect of temperature on surface reflectivity is shown in Fig. 1.8 (adapted

from Ref. 35). For aluminum, the reflectivity falls from a high value (in excess

of 0.98 at room temperature) to a much lower value as the aluminum approaches its

melting temperature, and then abruptly falls when the metal melts. Thus even
though the reflectivity of the outer surface material can be very high if the
thin surface layer is made of polished aluminum, if the incident laser beam is of

sufficiently high intensity, then the surface will begin to heat and the surface
reflectivity will then fall. If the beam lasts long enough, then the thin

reflective layer will be burned through and the underlying ablative layer will

begin to ablate.

Experimental data for laser penetration rates compiled from the literature

(Refs. 36, 37 and 38) are shown in Fig. 1.9 for selected materials as a function
of beam intensity. The two materials with the lowest penetration rates are the

ATJ graphite and the carbon/epoxy material, which both have relatively low

"" densities of approximately 100 lbm/ft 3 . These materials have sublimation temper-

"' atures in the vicinity of 7000 F. Because of their low laser penetration rates,

these two materials are strong candidates for the ablative layer of the retarda-

tion device.
a'

A parallel approach to using the ablative materials discussed above would be

to use an ablative material with capsules that are embedded in the ablative
material and that contain a gas, as shown schematically in Fig. 1.10. The gas

selected would be released by the laser ablation of the outer edge of the
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"" ablative layer (and hence the capsule shell) and would absorb the rest of the
laser's energy above the retardation device. One candidate gas for the capsules
would be SF6 . An added feature of the capsule approach would be that the

ablative layer at that spot would not be destroyed beyond the thickness necessary
*. to release the gas, and hence the ablative layer with its capsules would largely
*" remain intact at that location in case another laser beam attack were to hit that

exact spot.

With sublimation (or ablation) temperatures potentially as high as 7000 F

and with the relatively high thermal conductivity of the candidate ablative
materials with the lowest laser penetration rates (such as carbon- or graphite-
based materials), an insulating layer behind the ablative layer is required to

protect the underlying structure and/or electronics from the transient tempera-
ture response that will occur even after the actual laser beam attack has ended.
For example, Fig. I.11 shows the temperature response of a one-half-inch thick
slab of zirconia foam that is suddenly exposed to a high-temperature heat source.
Because of the low thermal conductivity of the foam, time is required for the

* heat to penetrate this insulation. Fig. 1.12 shows the bulk average temperature
of this slab as a function of time and indicates that, even though the laser beam
attack may last only a few seconds, there is a significant increase in the heat

• content of the foam insulating slab.

The effective thermal conductivity of selected insulating materials was
shown earlier in Fig. 1.5, and the insulation performance factor and maximum
operating temperature were shown in Fig. 1.6. The insulating material with the

*lowest value of pk is Dynaquartz which has a maximum operating temperature of

2700 F.
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1.4 Selection of Configuration and Materials Combinations

Combinations of retardation configuration types and their materials of
construction have been selected for analysis of their retardation characteristics
in terms of their overall resistance to heat transfer. The selection criteria
are lightweight configurations with high resistance to heat transfer. The
possible operating limits of these selected cimbinations of configuration and
materials have been identified in terms of maximum operating temperatures,
working fluids, and erosion and corrosion problems.

1.4.1 Selected Combinations for Hot-Gas Applications

Based on the discussion of candidate materials in Section 1.3, multi-layer
combinations of retardation configuration types and their materials of construc-
tion have been selected for hot-gas applications, for analysis of their overall
retardation characteristics relative to their weight characteristics. As already
discussed, materials that have low values of the insulation performance factor
(pk) are the best in terms of providing high resistance while being relatively
lightweight.

Because of the characteristics of the individual materials, multi-layer
configurations provide the best approach to heat transfer retardation. The class
of materials with the lowest values of the insulation performance factor are
fibrous materials, as seen earlier in Fig. 1.6, and the fibrous material with
the lowest value of the insulation performance factor is Dynaquartz. But fibrous
insulations do not provide a hard and relatively smooth gas flowpath for hot-gas
applications, and the fibrous materiel could be torn off by the shearing forces
of the flowing gas. Further, fibrous insulations have only limited structural
capabilities and must be supported by other materials.

To sidestep these problems while still retaining the excellent insulating
characteristics of the fibrous materials, an outer layer of ceramic foam (or
ceramic composite for some hot-gas applications with lower temperatures) is >1
proposed to provide both the gas flowpath and structural support for the inner
fibrous layer(s). Figure 1.13 shows the rationale of this multi-layer approach.
Because ceramic foams and ceramic composites have values of pk that are much
higher than those of fibrous insulations such as Dynaquartz, the outer layer of
ceramic foam or composite should be made as thin as is structurally possible in
order to keep the relative overall weight of the retardation device as low as
possible.

If a certain thickness of ceramic foam is required, one possible way to
reduce the weight of the required thickness would be to incorporate either
machined slots or axial holes cast into the ceramic foam, as shown conceptually
in Fig. 1.14. However, while these large uniform voids would reduce the

..
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.* effective density of the foam, the fabrication cost of such foam would probably

be significantly higher than that of plain ceramic foam.

Shown in Fig. 1.15 are the multi-layer combinations (for hot gas applica-
tions) of retardation configuration types and their materials of construction

that have been selected for analysis, based on the groundwork discussed in
Sections 1.2 and 1.3. In general, the outer layer of the retardation devices

* selected is hard and relatively smooth, in order to provide a gas flowpath, and
the outer layer also provides support for the relatively limp fibrous layers.

The interior of the device consists of fibrous insulation that provides the bulk
of the heat transfer resistance because of the lower effective thermal conductiv-

*0 ity of the fibrous materials.

Of the six candidate combinations selected for analysis, three have outer
layers made of All-Alumina foam, which has the lowest pk value of the available
foam materials and which can operate at temperatures of up to 3000 F. The
remaining three combinations have outer layers made of COMPGLAS, a ceramic

composite, which has excellent mechanical properties at temperature but is
currently limited to only 1800 F because of oxidation problems. However, future
developments in ceramic composites may result in increases in the maximum
operating temperatures well beyond the current allowable levels.

Four of the six combinations selected have a single layer of fibrous
insulation inside the outer layer, while the other two combinations have two
layers of fibrous insulation inside the outer layer. The single fibrous layer in
these combinations is made of materials with the lowest pk values: Dynaquartz

and Cerablanket insulation. The Dynaquartz insulation has the advantageously
lower pk value of these two insulations and has a maximum operating temperature

* of 2700 F. On the other hand, Cerablanket has a lower maximum operating tempera-
ture of 2400 F, so that Dynaquartz is the more desirable choice of these two
fibrous insulations. The maximum temperature of the hot side of this fibrous
layer (either Dynaquartz or Cerablanket) will be varied in the analysis to see

the effect of this limitation on the heat transfer and weight characteristics,
but the temperature in an actual design would be limited to the maximum operating

temperature recommended by the producer in order to avoid deterioration of the
insulation.

The remaining two (of the six total combinations selected for analysis for
hot-gas applications) have a second inner layer (which is made of Min-k insula-

tion), for a total of three layers in each of these two retardation configura-
tions. Win-k has the lowest thermal conductivity of the fibrous insulations when
operating in air, but its maximum operating temperature is only 1800 F and it has
a pk value that is above that of Dynaquartz (because of the higher density of
Min-k). Min-k is a familiar insulation, and its maximum operating temperature on
the hot side of this layer will be varied in the analysis to see its effect on
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the heat transfer and weight characteristics, but in an actual design the maximum

operating temperature will be limited to this 1800 F.

However, because the pk value of Min-k is higher than that of either

Dynaquartz or Cerablanket, it is expected that the three-layer configurations

with Min-k as the cold-side layer will be heavier, at the same level of heat

transfer through the configuration, than the two-layer configurations with either

Dynaquartz or Cerablanket and the same hot-side layer (of either All-Alumina foam
OR or COMPGLAS" ceramic composite). As discussed earlier, Dynaquartz insulation has

been found to be an effective insulation, and can provide the same amount of heat

transfer resistance at less weight than Min-k insulation.

1.4.2 Operating Limits

The insulating materials selected for analysis have operating limits, some

"* of which have been mentioned in the above paragraphs. Possible limits include

maximum operating temperatures and system working fluids which in turn can be

related to possible erosion and corrosion problems.

1.4.2.1 Temperature Limits

In general, the insulating materials selected will deteriorate over time if

they are used at temperatures above their maximum temperature limit. Therefore,

the recommended maximum operating temperature has been established by testing.

In tests conducted by A. D. Little (Ref. 28), the maximum operating temperature

of Dynaquartz, manufactured by The Manville Corp., is approximately 2700 F.

Cerablanket, also manufactured by The Manville Corp., has a maximum operating

temperature of 2400 F (Ref. 39). Min-k insulation, also manufactured by The
Manville Corp., has a maximum operating temperature of 1800 F (Ref. 40). The

All-Alumina foam, manufactured by the RIM Corp., has a maximum operating

temperature of almost 3000 F (Ref. 41). The COMPGLAS" ceramic composite has a

current maximum operating temperature of 1800 F (Ref. 31), but future development

*i work on this family of ceramic composites may eventually increase this maximum
temperature.

1.4.2.2 Other Operating Limits

The insulation materials selected are all generally suitable for hot-gas

applications because they have been developed for and previously used in furnaces

that contain air. In general, oxidation or shrinkage problems did not occur with

these materials if they were used at or below their recommended maximum operating

temperature. Above this temperature level as determined by testing for each

specific material, the material would deteriorate in time.

35
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The main potential problem with erosion would seem to occur with the fibrous
insulations, where the shear force caused by the flowing gas could tear off
fibers if the layer is directly exposed to this gas. To avoid this potential
problem, a multi-layer structure has been selected, with the outer layer mode of
ceramic foam or ceramic composite to shield the fibrous material.

Problems with water corrosion are not expected because condensation of water
from the combustion products can not occur in the hot section. Possible
corrosion problems can sometimes occur at high temperatures where a ceramic
material comes into contact with a metal. For example, problems can occur in
radiation/layered materials with reactions between the fibrous layers and the

metal foil, but radiation/layered materials have been ruled out for retardation
in hot-gas applications in order to avoid this problem and also the problem of

forming this material for curved surfaces and areas with small radii.

1.4.3 Candidate Combinations for Passive Laser Countermeasures

Based on the considerations in Section 1.3.6, a number of candidate
combinations of configurations and materials were identified for application to
heat transfer retardation devices for laser countermeasures applications. A
layered approach is used, because there does not seem to be one material that
possesses all three desirable characteristics of high reflectivity, low laser
penetration rate, and low effective thermal conductivity. Figure 1.16 summarizes
the candidate combinations of configurations and materials, in terms of three-
layer configurations, two-layer configurations, and one-layer configurations.
The one-layer configurations selected essentially isolate the laser energy
absorption characteristics, in terms of the laser ablation process or the absorp-
tion of laser energy by interaction with a gas (such as SF6) which is envisioned
as being released when the outer edge of its containment capsule is burned off by
the incident laser energy.

The two-layer configurations consist of an outer ablative layer and an inner
insulating layer which is included to protect the underlying structure and/or
electronics from the thermal wave that will still be a potential problem even
after the duration of the laser beam. For two of the two-layer candidate

configurations, the ablative layer includes a metallic ingredient. In one case,
the metallic ingredient is in the form of a metallic foil which would be
sandwiched in layers in the carbon/epoxy ablative layer. The aim of the metallic
foil would be to increase the reflectivity of the inner mass of the ablative
layer. Whether the reflectivity would actually remain high during the ablation
process is a moot point for two reasons. First, as seen earlier in Fig. 1.8, as
the temperature of the metal (such as aluminum) increases, the reflectivity will
decrease from its room-temperature value. And second, the ablation process will
not be very orderly, with melted and/or charring ablation material sticking to
the metallic foil and thereby obfuscating the purpose of the metallic foil. In
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the case of the second of the two-layer candidate configurations, metal -I flakes
(again such as aluminum) would be incorporated into the ayer with the
same aim of increasing the internal reflectivi y of the ablative layer. Whether
or not the metallic flakes would work is again a moot point for the same two
reasons given above for the metallic foil.

The three-layer configurations have a thin reflective layer (of polished

aluminum, for example) as the outside skin over the ablative and insulation
layers. At the high laser intensities, the aluminum layer would be rapidly
heated, but the rapid heating rate would still be slower than if the outer layer

were a material with a lower reflectivity. The materials proposed for each layer
of the candidate configurations offer the best capability of the materials
available in the literature to handle the mode of heat transfer expected at each
layer of the configuration: high reflectivity for the outer layer; high
resistance to laser-induced ablation in the middle layer; and high resistance to
thermal conduction through the inside insulating layer.

The parameters that could be varied for experiments with the candidate

configurations will now be discussed in the following paragraphs. The high
6reflectivity of the outside layer is essentially a surface effect, so that the

thickness of the outside layer is not expected to be a factor in the experiments.
Polished aluminum is the most economical choice, because the reflectivity of
either gold or silver is only slightly higher according to the reflectivity data

of Fig. 1.7.

i The ablative layer should be made of a lightweight material with a high
resistance to laser-induced ablation, such as graphite or carbon/epoxy. The

- thickness of this layer can then be designed, using the data on laser penetration
"' rates shown in Fig. 1.9 for example, to meet the anticipated intensity and dura-

tion of the laser beam hypothesized to be encountered in the attack. For the
ablative layers that include metallic ingredients, the spacing of the layers of

metallic foil should be varied in the experiments, and the average spacing of the
metallic flakes should be varied. Apparently, no ablation data exists for
materials containing such metallic ingredients, so that reasonable judgements
would have to be the guiding factor in the design of the experimental pieces

containing either of these metallic ingredients. For the ablative material with
gas capsules embedded in it, the capsule diameter and the average capsule spacing
are variables of interest. The gas selected, such as SF6 or water vapor, would
also be expected to have a large effect on the laser absorption characteristics

of this layer.
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The primary variables in the design of the inner layer of insulation for the

test pieces will be the thickness and the geometric pattern such as grooves that
could be used to reduce the weight and possibly the thermal conductivity of the

insulating layer. Possible geometric patterns were discussed in sore detail in .
the section on heat transfer retardation devices for hot-gas applications.
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1.5 Analysis of Retardation Characteristics

A model of heat transfer has been formulated for the analysis of the retar-

dation configurations selected above for hot-gas applications and has been used
to estimate the heat transfer retardation characteristics in terms of an overall

thermal resistance through the configuration. The unit weight of the overall
• "configuration has also been estimated for use in identifying lightweight combina-

tions of configuration types and their materials of construction. The assump-
tions made to simplify the heat transfer model and the resulting limitations in

* the model are discussed.

1.5.1 Model of Heat Transfer

A simplified model of heat transfer through the configurations selected for -4

hot-gas applications has been formulated using the effective thermal conductivity

of each layer of insulation in the multi-layer retardation devices. The effec-

tive thermal conductivity is the quantity measured when thermal conductivity
tests are conducted on porous media at high temperature, and the effective ther-

mal conductivity thereby measured accounts for all modes of heat transfer across

the insulation at the temperature level of interest: conduction through the

solid and the gas in the pores, and thermal radiation through porous insulation.

Figure 1.17 is a schematic representation of the steady-state heat transfer

model of retardation configurations for hot-gas applications. Allowance is made J
for contact resistance between the layers, although the contact between a fibrous

layer and a ceramic foam can not be described well, and in fact this less-than-

intimate contact between the fibers in the body of the fibrous insulation is the
principal basis for the lower thermal conductiity of the fibrous insulation. In

any event, the existence of contact resistance in retardation applications would
be advantageous, in contrast to many applications where the contact resistance

would form an unwanted barrier to heat transfer.

To model the multi-layer configurations, the combined heat transfer through

each of the layers will be considered. Using the Fourier conduction law, the
combined heat flux (q/A) through layer 1 (the layer exposed to the flowing gas)

can be written as:

q/A k (THot - Tc l ) (1.5)

where kI is the effective thermal conductivity of layer 1 as discussed above,
and 61 is the thickness of layer 1.
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The hot-side temperature of the layer is used as the descriptive variable
instead of the gas temperature, because there is a wide range of flow conditions

* that would determine the temperature drop through the gas film. Predictions
presented later can be used to estimate this temperature drop for possible opera-

ting conditions. However, with forced convection flow past the outer layer, the

'. temperature drop through the gas film will generally be quite small as compared
. with the temperature drops through the low-conductivity layers of insulation, so

* that the hot-side temperature (THot) will actually be nearly equal to the gas

temperature (TGas) in many cases of interest for hot-gas applications.

The heat flux through the contact resistance between layers 1 and 2 can be
represented in terms of a contact resistance (hcl2):

q/A - hcl2 (Tci - Tmid) (1.6)

Similarly, the equations for the combined heat transfer through layer 2, for

the contact resistance between layers 2 and 3, and for the combined heat transfer

through layer 3 to the cold-side temperature (Tcold) can be written as
follows:

q/A 2 (Tmid TC2 ) (1.7)
2

q/A hc23 (Tc2 - TMin-k) (1.8)

k3  
:q/A - (TMin-k - TCold) (.9) "

63

where k is the effective thermal conductivity of the specific material selected
for each layer at the average temperature of that layer. The above five equa-

tions can be combined in such a manner as to eliminate the internal temperatures, I
with the result being the heat flux through the entire retardation configuration

in terms of the overall temperature difference (THot - TCold):
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• "." THot -TCold,L' q/A =(I.10)6  1 62 1

+ -+- + -J

overall R-factor for a 3-layer configuration can be written as:

6i 1 a2 1 63

R- + - + 2 + - 4 3

kI  hcl2 k2  hc23 k3

The ratio of the temperature drops in each of the layers can be obtained by

manipulating Eqns. 1.5 to 1.9:

THo t - Tmid k2 ( 61 63

T mid - TC 2  62 k hcl2

Tmid - TC2 k1 62 k2  hcl2

T t-Tmid k3 (11 + 1(1.12)
TMin-k - Told 63 h Ic.2

THt Tmid k3  61 for >> - (I.12a)

TMink - TCold kl 63 kI  hcl2

For a given application where Tot and TCold are fixed by given constraints, then

the internal temperature levels can be varied in the analysis by changing the

thickness of the layers relative to each other (61/62), once specific materials

' have been chosen for each layer (in order to set k2 /kl).

Conversely, the effect of varying the internal temperatures on the relative

thicknesses can be examined by rearranging Eqs. I1.lla and I.12a into the

* 41
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• ;following form (which applies for cases of relatively low contact resistance, as

will be discussed below):

62 k2  Tmid - 2 (.13).

61 k, (THot - Tuid/

63 k3  Mink - Tcold (1.14)

I k Hot.- Tmid

Then if the total thickness of the configuration (6TOT ) is set, the thickness of

the individual layers can be determined from the following identity:

6TOT 61 6 ,2 + 63 (1.15)

or 61 6TOT (1.16)
62 .61 + 2 + "-"

61 61

In practice, the maximum value of the hot-side temperature of each layer will

be set by the maximum operating temperature of that layer, as specified by the

producer of that insulation.

1.5.1.1 Interfacial Contact Resistance

Figure 1.18, which is from "The Handbook of Heat Transfer" (Ref. 42), shows

the level of contact conductance (hc) that can be expected between combinations
of the gap fluid (or vacuum) and various metals. Heat transfer across an

interfacial gap occurs through the combined mechanisms of solid conduction

(across actual contact points), conduction across the gas or fluid in the gap,

and thermal radiation across the gap. And these are the same mechanisms by which

heat is transferred through porous insulations. So the point at which the heat 0

transfer resistance of the insulation can be distinguished from the contact
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'- resistance is not clear because both resistances are so similar in their heat
"' transfer mechanisms.

3 In Figure 1.18, for curves that correspond to interface gaps that contain
air (Curves 4 to 6 and 16 to 18) as will be the case in hot-gas applications, the
contact conductances are all higher than 300 BTU/hr-ft 2-F which is much higher

*i' than the conductance (k/6) for the insulation materials and their thicknesses
• .anticipated for the retardation layers. In other words, for hot-gas retardation

applications, the contact conductance is high enough relative to the conductance
n of the insulation layers that the assumption of (6/k) >> (1/hc) is valid.

1.5.1.2 Surface Boundary Conditions

In order to be able to handle the possible wide range of surface boundary
conditions, the surface temperature of the hot-side layer was selected as the
variable. For various levels of forced convection over a flat plate, the heat

• "transfer coefficient between the gas and the surface can be estimated as a func-
tion of the gas velocity and the other operating conditions.

The local Nusselt number (Nux ) for subsonic turbulent flow over flat
plates is given by the expression:

Nux - 0.029 Rex 0 .8 Pr / 3  (1.17)S
.. where Rex is the local Reynolds number of the flow based on flow length (x)
. and Pr is the Prandtl number of the gas. Thp transition Reynold number for a

flat plate is approximately 3.2 x 105 , above which the flow is turbulent. For
I lower Reynolds numbers where the flow is laminar, the local Nusselt number is

given by the expression:

lNux - 0.332 RexO'5 Prl/3  (1.18)

Hence the local forced convection heat transfer coefficient can be estimated,
.- using these expressions based on the Reynolds number of the flow:

h cy Nu (.19)'hconv X

43 *

• o" I
.i-



N183-956216-1

In combination with forced convection heat transfer, radiation heat transfer

also occurs. An effective radiative heat transfer coefficient (hrad) can be
* calculated with the expression (Ref. 43):

h s t s (1.20)T - T

where Tg is the temperature of the gas; Ts is the surface temperature; a is

* the Stefan-Boltzman constant (au0.1713 x 10- 8 Btu/ft 2-hr-R); and Cs is the
"* emissivity of the surface, which has a value of approximately 0.2 (Ref. 28). A

simplified expression for the effective radiative heat transfer coefficient can
be deduced from Eq. 1.20:

.!~ ~ 3 (.0)"
hrad 4 eso Tmean C.20a)

which is valid for cases where the surface temperature is not much lower than

the gas temperatures (i.e., cases where the heat flux to the wall is low because

the wall is insulated).

Then by assuming parallel paths of heat transfer for the convective
contribution and the radiative contribution, the total heat transfer coefficient
between the gas and the surface can be taken as the sum of these two

coefficients: .1

-I

hToT=hconv + hrad (1.21)
T"v

Figures 1.19 and 1.20 show estimates, based on Fig. 1.20, of the temperature
drop through the gas film as a function of heat flux, gas velocity, and tempera-

.* ture level. The heat flux levels of interest for hot-gas retardation applica-

tions will be on the order of 3500 Btu/hr-ft2-F. This number can be deduced from
the relationship: q - kAT/AX. A typical value of k for insulation is
0.08 BTU/hr-ft-F (see Fig. 1.4); AT is the temperature drop across the insula-

tion, on the order of 1800 F for a hot-side temperature of 3000 F and a cold-side
temperature of 1200 F; and AX is the thickness of insulation, perhaps 0.5 in. for

a typical installation. Hence the heat flux through the insulation corresponding

i 44
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to these values of the parameters would be 3500 BTU/hr-ft 2 . The heat flux

through the boundary layer would also be this value, which would require a
temperature drop through the boundary layer of less than 40 F, as can be seen in
Fig. 1.19 or 1.20.

1.5.1.3 Two-Layer Model

To obtain the corresponding heat transfer expressions for a two-layer
configuration, as shown schematically in Fig. 1.21, just set 63-0 and hc23

"' (because there is now no contact resistance) in the above analysis and the

following equations result:

q/A THot - Tcold (1.22)"-" 1 62
kl hcl2 k2

R = - I + --2 (1.23)': k I  hc2 k2

Similarly, the ratio of the temperature drops in each layer of a two-layer
configuration is given by the expression:

°. THot  - Tmid  k 2  61 181

T~t Tid - - + -(1.24)

Tmid - TCold 62 kI  hc12

T"t - 6k2 a 61

THot Tmid -for -_ >> I (1.24a)

Tmid- TCold ki 62 kI  hcl2

1.5.2 Unit Weight of Retardation Configuration

The total weight of the insulation per unit face area is determined by the
thicknesses of each of the individual layers:

, .4
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Wt/A P p 1 61 + P2 62 + p3
6

3  (1.25)

Generally, for a specified heat loss, the lighter-weight multi-layer configura-
tion will result from using the maximum thickness possible of the insulation with

the lower value of pk, and the maximum thickness will occur if the hot-side

temperature of that layer of insulation is set at the maximum operating tempera-

ture for that insulation.

1.5.3 Simplifying Assumptions

The simplifying assumptions made to formulate the heat transfer retardation

model discussed above will be summarized here. First, the effective thermal

conductivity is used to describe the heat transfer across a layer of insulation.
This is a logical approach because thermal conductivity is a measured parameter,
which means that all of the operative modes of heat transfer are accounted for in
their actual relationship at the various temperature levels.

Second, the contact resistance between layers of insulation with air in the

gap is low relative to the resistance of the insulating layers. This is a
reasonable assumption, based on the experimental data shown in Section 1.5.1.1.

Further, the presence and magnitude of contact resistance can be erratic and

should not be relied upon to provide retardation in the performance predictions

of retardation configurations.

Third, the model is one-dimensional. The presence of struts to hold the
outer layer in place relative to the inner layer could result in localized reduc-

tions in retardation. But a one-dimensional analysis is deemed to be suitable
for ranking combinations of configurations and materials of construction because

these struts would probably be required in all configurations.

1.5.4 Estimated Retardation Characteristics

Using the model formulated above, the heat transfer characteristics in terms

of the overall thermal resistance of the configurations selected for hot-gas

applications (Fig. 1.15) have been estimated, as well as the unit weights of

these configurations. The contact resistance is assumed to be zero in the calcu-

lations, as was discussed earlier.

Shown in Figs. 1.22 through 1.25 are the retardation and weight character-

istics, as a function of the interface temperature, of a two-layer retardation

device which consists of All-Alumina foam as the outer layer and Dynaquartz
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* fibers as the inner layer. The operating conditions for these calculations are a
hot-side temperature of 3000 F and a cold-side temperature of 1200 F.

SFigure 1.22 shows the heat loss through the insulation as a function of
interface temperature, which is the hot-side temperature of the inner layer.

This interface temperature is varied by changing the relative thicknesses of the
two layers. Along lines of equal weight, the heat loss decreases as the inter-

face temperature increases, because the thickness of the inner layer relative to

the outer layer is increasing and the inner layer (Dynaquartz) in this combina-
tion has both a lower effective thermal conductivity and a lower effective

density than the outer layer (All-Alumina foam). Along lines of constant thick-
ness of the inner layer, the heat loss increases as the interface temperature is
increased, because a larger proportion of the overall temperature drop is then
being taken by the inner layer and the thickness of the outer layer must there-

fore be decreased relative to the thickness of the inner layer and the heat loss

rises as a result.

Shown in Fig. 1.23 is the decrease in total thickness as the interface
temperature is increased, along lines of constant thickness of the inner layer.
Figure 1.24 shows the overall R-factor (R B AT/(q/A)) as a function of the inter-

face temperature. Along lines of constant thickness of the inner layer, the

resistance decreases as the interface temperature is increased because the outer
layer is becoming thinner and hence the total thickness of insulation is

smaller.

Similarly, as seen in Fig. 1.25, the weight of the insulation per unit face

area decreases as the interface is increased. Along lines of equal heat
transfer, the weight decreases as the interface temperature is increased, because
the material (Dynaquartz) with the advantageously lower value of the insulation
performance factor (pk) is being added while the material with the higher value
(All-Alumina foam) is being subtracted.

Figure 1.26 shows the overall R-factor and weight of the same two-layer
combination as a function of the total thickness of insulation (61 + 62). At a

constant total thickness, the unit weight of the insulation decreases as the
interface temperature (Tmid) is increased, because the thickness of the inner

layer which has a lower density is being increased (see Fig. 1.27). And the
overall R-factor increases slightly as the interface temperature is increased, at

.: a constant value of the overall insulation thickness. Figure 1.28 shows the same

type of results for a different grade of Dynaquartz insulation (which has a lower
value of pk - slightly higher conductivity, but lower density) in combination

with the same All-Alumina foam for the outer layer. To provide the same overall

R-factor, the overall thickness is approximately seven percent thicker, but the
unit weight is approximately 13 percent lower. Figure 1.29 shows the relative

thickness for this combination as a function of interface temperature (Tmid).
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The overall R-factor and unit weight of a two-layer retardation device are

shown in Fig. 1.30, with the outer layer made of the same All-Alumina foam but
with the inner layer made of Cerablanket (fibrous) insulation. Because the

• maximum operating temperature of the Cerablanket is only 2400 F, the outer layer
of foam must be thicker than the foam thickness for the two-layer combination of

All-Alumina foam and Dynaquartz discussed above. At a given total thickness, the
overall R-factor increases when the interface temperature (Tmid) decreases
because the effective thermal conductivity of Cerablanket is higher than that of

the All-Alumina foam, as was seen earlier in Fig. 1.5. But the unit weight of

the two-layer device also increases when the interface temperature is decreased
because the relative thickness of the foam layer must be increased to provide

more temperature drop in the outer layer and the effective density of the foam is

almost five times as high. Figure 1.31 shows the relative thickness of the two
layers as a function of Tmid, and as expected the trend is that the relative
Cerablanket thickness decreases when the interface temperature decreases.

Shown in Fig. 1.32 are the overall R-factor and unit weight of a three-layer
device which is the same as the first two-layer configuration dicussed above but
with the addition of an inner layer of Min-k fibrous insulation. The maximum
operating temperature of Min-k insulation is 1800 F. As the temperature at the
interface between the foam layer and the Dynaquartz is increased, the relative
thickness of the foam layer decreases (as seen in Fig. 1.33) and the overall R-
factor increases slightly because the effective thermal conductivity of Min-k is
lower (even though the effective thermal conductivities of the Dynaquartz and the

All-Alumina foam are virtually identical in the temperature range of interest),
and the unit weight of the overall combination decreases because the effective

density of the Dynaquartz insulation is substantially lower than that of the All-
*. Alumina foam which is being displaced.

Generally, as compared with the two-layer All-Alumina foam/Dynaquartz
combination discussed earlier, at the same total thickness, the three-layer

combination offers about nine percent higher resistance (because Min-k has a
lower effective thermal conductivity of the Dynaquartz that it is displacing),

but the unit weight of the three-layer combination is about 12 percent higher

because Min-k is more than four times as dense as the Dynaquartz.

Configurations employing COMPGLAS" ceramic composite as the outer layer were

also selected for analysis, but COHPGLAS" is currently limited to only 1800 F

because of oxidation problems that occur at higher temperatures. Nevertheless,
calculations have been done with a hypothetical ceramic composite to see its

effect on the heat transfer and unit weight characteristics of multi-layer retar-
dation devices, by extrapolating the thermal conductivity of COMPGLAS" to the

temperature levelp of 3000 F for hot-gas applications. Thus the assumption has
been made that future developments will result in a ceramic composite (with their

excellent mechanical properties) that can operate at higher temperatures.
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Besides the current temperature limitation, COMPGLAS" also has a high effective

density and a high effective thermal conductivity relative to other insulating
materials suitable for high-temperature operation, so that the main advantage of

ON such a ceramic composite would seem to be in its excellent mechanical
properties.

Shown in Fig. 1.34 are the overall R-factor and unit weight of a two-layer
configuration that uses a hypothetical ceramic composite (with an extrapolated
thermal conductivity similar to COMPGLAS") as the outer layer and Dynaquartz as
the inner layer. The ceramic composite is labelled "hypothetical" because no
current ceramic composite can operate at 3000 F yet. As the interface tempera-
ture (Tmid) is increased, the relative thickness of the outer layer (hypothetical
ceramic composite) decreases as seen in Fig. 1.35, and the overall R-factor
increases because the assumed effective thermal conductivity of the outer layer
is much higher than that of Dynaquartz, and the unit weight of the combination
decreases because the assumed density of the ceramic composite is much higher
than that of Dynaquartz.

The overall R-factor and the unit weight of the hypothetical ceramic
composite/Cerablanket combination are shown in Fig. 1.36, and the relative layer
thickness of this combination is shown in Fig. 1.37. This combination exhibits
the same trends as existed in the hypothetical ceramic composite/Dynaquartz
combination discussed above because the effective thermal conductivities and
densities of the two material pairs bear the same relationship to each other.

SThe remaining combination selected for analysis is the same as the first
ceramic composite combination discussed above except with the addition of an
inner layer of Min-k insulation. The same trends exist in the estimates of the
overall R-factor and the unit weight (Fig. 1.38) and in the relative layer thick-
ness (Fig. 1.39). As the outer interface temperature (Tmid) is increased, the
overall R-fa:tor increases because the low-conductivity Dynaquartz displaces the
hypothetical ceramic composite, and the unit weight decreases because Dynaquartz
has a lower effective density. The other three-layer combination (All-Alumina
foam/Dynaquartz/Min-k) discussed previously has, at the same total thickness,
both a higher overall R-factor and a lower unit weight because the outer layer of
All-Alumina foam has more favorable values of the effective conductivity and

"' density for heat transfer retardation.
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1.6 Lightweight Retardation Configurations

Based on available high-temperature insulating materials, performance
analyses of selected configurations have been conducted in terms of their
geometric parameters to determine their effect on heat transfer retardation,
using the analyses developed in Section 1.5, and lightweight multi-layer retarda-
tion configurations for hot-gas applications have been identified. The effect of

, material properties on both retardation and weight characteristics has been
investigated, and the fractions of the total heat loss that are represented by
the different modes of heat transfer through the configuration have been identi-
fied.

1.6.1 Effect of Materials

The effects of thermal conductivity and density are first-order effects
because of their prominence in the governing equations. Figure 1.40 shows a
comparison beween two density grades of Dynaquartz as the inner layer behind a
layer of All-Alumina foam. The heavier Dynaquartz (6.2 Ibm/ft 3) has an effective
thermal conductivity that is approximately eight percent lower than that of the
higher Dynaquartz (4.5 lbm/ft 3). The net result of these factors is that a two-

layer configuration employing the heavier Dynaquartz as the inner layer is
approximately 24 percent heavier and has an overall R-factor that is approxi-
mately eight percent higher, at the same total thickness.

Similarly, Fig. 1.41 shows the comparison between using All-Alumina foam
(density of 14 lbm/ft3 ) as the outer layer, as compared to a hypothetical ceramic
composite (density of 156 lbm/ft). Because the ceramic composite is estimated to
have a density more than ten times as large, the configuration with this
hypothetical material , at the same total thickness, weighs much more (by a fac-
tor of 16), because the relative thickness of the hypothetical material must be
increased in order to provide the same temperature drop - the assumed thermal
conductivity of this composite is much higher (by a factor of seven) than that of
the All-Alumina foam. And the relatively high conductivity of the hypothetical
composite results in an overall thermal resistance (R-factor) that is only half
as large. Therefore any justification for the use of this hypothetical material
with these assumed properties would have to be based on the superior mechanical
properties that some ceramic composites possess at high temperatures.

1.6.2 Effect of Temperature Level

Temperature level has an effect on the thermal conductivity of the materials
and also the temperature difference if only one temperature is changed.

* Generally the effective thermal conductivity of the porous insulations of
interest for hot-gas applications increase with temperature, in part because the
contribution of radiation through the material increases. Figure 1.42 shows the

,50
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effect of changing the cold-side temperature, on the overall R-factor and unit
weight of a two-layer combination of All-Alumina foam and Dynaquartz. The hot-
side temperature is set at 3000 F, and the interface temperature is also held
constant, in the vicinity of 2700 F because this is the maximum allowable temper-
ature for Dynaquartz and it has already been seen that it is advantageous (for
this combination of materials) to increase this temperature to the maximum
allowable operating temperature. When these two temperatures are fixed and the

* cold-side temperature is then increased, the relative thickness of the foam layer
increases because a larger fraction of the total temperature drop is now taken
through the foam layer. Thus the overall R-factor drops because a larger
fraction of the total thickness then consists of the higher-conductivity foam,
while the unit weight increases because the foam is denser than the

Dynaquartz.

Temperature also has an effect on the effective thermal conductivity.
Wechsler and Kritz (Ref. 29) have proposed a simple decoupled model that

adequately correlates the effective thermal conductivity of many porous insula-

tions

(l-P)ks + Pkg + 4oT3  d (1.26)

where ks is the thermal conductivity of the solid material in the porous
insulation, kg is the thermal conductivity of the gas present in the
interstices of the porous material, P is the porosity, d is the pore diameter,
and Tmean is the mean temperature (at which ks and k are evaluated), a is the
Stefan-Boltzman constant. The term, (l-P)ks, represents the contribution to
the total heat transfer of conduction through the solid; the term, Pkg)
represents the gas-conduction contribution; while the radiation contribution is

represented by the remaining term, 
4 aTe and. In the case of the All-Alumina

foam, however, the predicted radiation contribution seems to be too large as
compared to the experimental data unless the radiation term is multiplied by the

emissivity of the foam (which is approximately 0.2 according to Ref. 28). So,
for the purpose of estimating the relative contributions of the three modes of
heat transfer to the overall thermal conductivity, the last term of Eq. 1.26 can

then be simply modified:

k = (l-P)k s + Pk + 4dTmeand (I.26a)
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Based on this modified formulation, Fig. 1.43 shows the relative contributions
of the heat transfer modes as a function of temperature, for an assumed porosity
of 95 percent, an assumed pore diameter of 0.020 in., and an assumed emissivity
of 0.2. Under these conditions at a mean temperature of 2900 F, the conduction
through the solid ligaments carries approximately 56 percent of the heat, the

radiation contribution is approximately 27 percent of the total, while the
contribution from gas conduction is approximately 17 percent.

1.6.3 Preferred Retardation Configurations

Based on the preceding discussions, the preferred retardation configurations
*.1

employing available materials can be identified. A two-layer configuration is
the simplest that can take hot-side temperatures of 3000 F and that also offers a
hard and relatively smooth outer layer and a low-conductivity inner layer. Of

the available materials, All-Alumina foam is the preferred material for the outer
layer and Dynaquartz is the preferred material for the inner layer, because each
has the lowest value of the insulation performance factor (pk) in its class.

If better mechanical properties are needed for the outer layer, then ceramic
composites can offer more structure, but maximum operating temperatures of this

type of material are currently limited to only 1800 F. The overall combination
that employs a ceramic composite as the outer layer will be significantly heavier
than one that uses a ceramic foam as the outer layer, unless the density of
ceramic composites can be significantly reduced. Currently available composite
materials have a density of approximately 156 Ibm/ft3 , which is a factor of
approximately ten higher than the density of All-Alumina foam, for example.

The inclusion of a third layer on the inside adds complexity to the overall

configuration. The main advantage of a third layer would be if the material has
a lower value of its insulation performance factor but is otherwise restricted in

its use to the colder side because of limitations in its maximum operating
temperature. Because this additional layer would require its own attachment
geometry, the third layer would appear to be worthwhile only if there were a
significant advantage in its insulation performance factor at the lower
temperatures over the material of the middle layer.

-5.4
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TABLE 1.1
CANDIDATE GEOMETRIC CONFIGURATIONS FOR

RETARDATION IN HOT-GAS APPLICATIONS

* FIBROUS - GENERALLY LOWEST k AND p

o 0 .O0 o , a,Oooop o * CERAMIC FOAM - HIGHER k AND p THAN FIBROUS, BUTDo 00a00 oa 0 0 % FIRM SURFACE EXPOSED TO GAS

, CERAMIC COMPOSITES - CURRENTLY LIMITED IN
______ " 'OPERATING TEMPERATURES;

o *EXCELLENT MECHANICALo - . 0 0 6 e % o , rP R O P E R T I E S

CROSS-PLIED CERAMIC
FIBERS IN GLASS MATRIX

FIBROUS LAYER

* RADIATION/LAYERED - MAY NOT BE CHEMICALLY AND

-Ci

PHYSICALLY STABLE

THIN METALLIC LAYERS

0 POWDERS - UNDESIRABLE SINTERING AND
COMPACTION PROBLEMS

I-,

83.875-
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TABLE 1.2
CANDIDATE MATERIALS VS CANDIDATE CONFIGURATIONS

FIBROUS

DYNAQUARTZ (SILICA) - MOST EFFECTIVE INSULATION UP TO 2700 F

ALUMINA - STABLE UP TO 3200 F, BUT HIGH COST

ZIRCONIA - UNDESIRABLE SHRINKAGE AND REACTION AT
TEMPERATURES OVER 2500 F

GRAPHITE - LIMITED TO VACUUM APPLICATIONS; HIGH k

MIN-K - LIMITED TO 1800 F

FOAM

ALUMINA - REASONABLY LOW k

ZIRCONIA - SHRINKAGE AND REACTION PROBLEMS

SILICON CARBIDE - HIGH k

CERAMIC COMPOSITES

COMPGLASTM - SiC-FIBER REINFORCED GLASS CERAMIC"
CURRENTLY LIMITED TO 1800 F BECAUSE OF
OXIDATION PROBLEMS

RADIATION/LAYERED

DYNAQUARTZ WITH
TANTALUM RADIATION
SHIELDS - DIFFICULT TO APPLY IN REAL SYSTEMS WITH

CURVED SURFACES OR SMALL DIMENSIONS

83-8-75-2



R83-G56216-1 FIG. 1.1

TYPICAL EXAMPLE OF HEAT TRANSFER RETARDATION DEVICE
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ELAPSED TIME FOR SURFACE MELTING
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R83-956216-1 FIG. IA4

MECHANISMS OF HEAT TRANSFER IN PASSIVE LASER COUNTERMEASURES
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EFFECTIVE THERMAL CONDUCTIVITY OF SELECTED MATERIALS
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TEMPERATURE DEPENDENCE OF THE REFLECTIVITY OF ALUMINUM
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LASER PENETRATION RATES
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F'

LASER RETARDATION DEVICE USING GAS CAPSULES
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THERMAL RESPONSE OF ZIRCONIA FOAM
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SPACE-AVERAGE TEMPERTURE OF ZIRCONIA FOAM
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R83-956216-1 FIG. 1.13

RATIONALE FOR MULTI.LAYER RETARDATION DEVICE

OUTER LAYER: CERAMIC FOAM OR CERAMIC COMPOSITE, SO THAT
LOOSE FIBERS WILL NOT BE EXPOSED TO AND TORN
OFF BY HIGH-VELOCITY GAS

INNER LAYER(S): FIBROUS, BECAUSE LOWER k ANDp THAN CERAMIC
FOAM OR CERAMIC COMPOSITE

THOT UNDERLYING METAL
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R83456216-1 FIG. 1.14

APPROACHES TO REDUCE DENSITY OF CERAMIC FOAM

STACK OF GROOVED LAYERS AXIAL HOLES CAST INTO FOAM
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CANDIDATE MATERIALSICON FIG URATIONS COMBINATIONS FOR ANALYSIS
RETARDATION FOR HOT GAS APPLICATIONS

OUTER LAYER

HIGH TEMPERATURE CAPABILITY
RELATIVELY SMOOTH SURFACE
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HEAT TRANSFER MODEL OF THREE-LAYER RETARDATION DEVICE
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THERMAL CONTACT CONDUCTANCE
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4 aluminum (75S.T6) 120 air 200
5 aluminum (7S.T6) 65 air 200
6 aluminum (7SS-T6) 10 air 200
7 aluminum (20244T3) 6-8 (not flat) lead foil (0.008 in.) 110
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TEMPERATURE DROP THRU GAS FILM TO OUTER EDGE OF INSULATION
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TEMPERATURE DROP THRU GAS FILM TO OUTER EDGE OF INSULATION
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HEAT TRANSFER MODEL OF TWO-LAYER RETARDATION DEVICE
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THERMAL PERFORMANCE OF TWO-LAYER RETARDATION DEVICE
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THICKNESS OF TWO-LAYER RETARDATION DEVICE3THOT = 3000 F
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R-FACTOR OF TWO-LAYER RETARDATION DEVICE
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FIG. 1.25

WEIGHT OF TWO-LAYER RETARDATION DEVICEI
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WEIGHT AND OVERALL R-FACTOR OF TWO-LAYER RETARDATION DEVICE
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RELATIVE LAYER THICKNESS FOR TWO-LAYER RETARDATION DEVICE
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WEIGHT AND OVERALL R-FACTOR OF TWO-LAYER RETARDATION DEVICE7
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RELATIVE LAYER THICKNESS FOR TWO-LAYER RETARDATION DEVICE
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OVERALL R-FACTOR AND UNIT WEIGHT OF TWO-LAYER RETARDATION DEVICE
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RELATIVE LAYER THICKNESS OF TWO-LAYER RETARDATION DEVICE
ALL-ALUMINA FOAM/CERABLANKET
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OVERALL R-FACTOR AND UNIT WEIGHT OF THREE-LAYER RETARDATION DEVICE
ALL-ALUMINA FOAM/DYNAOUARTZ/MIN-K
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RELATIVE LAYER THICKNESS FOR THREE-LAYER RETARDATION DEVICE
ALL-ALUMINA FOAM/DYNAOUARTZ/MIN-K
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OVERALL R-FACTOR AND UNIT WEIGHT OF TWO.LAYER RETARDATION DEVICE
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RELATIVE LAYER THICKNESS FOR TWO-LAYER RETARDATION DEVICE
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RSS%9M81 6-1 FIG. 1.36

OVERALL R-FACTOR AND UNIT WEIGHT OF TWO-LAYER RETARDATION DEVICE
CERAMIC COMPOSITEICERABLANKET
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R83-956216-1 FIG. 1.37

RELATIVE LAYER THICKNESS
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R83-56216-1 FIG. 1.38

OVERALL R-FACTOR AND UNIT WEIGHT OF THREE-LAYER RETARDATION DEVICE
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ft83-956216-1 FIG. 1.39

N RELATIVE LAYER THICKNESS FOR THREE-LAYER RETARDATION DEVICE
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R83-956216-1 FIG. 1.40

EFFECT OF INNER MATERIAL ON OVERALL Rt-FACTOR AND UNIT WEIGHT
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R83-56216-1 FIG. 1.41

EFFECT OF OUTER-LAYER MATERIAL ON OVERALL R-FACTOR AND UNIT WEIGHT
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R83-95621 6-1 FIG. 1.42

EFFECT OF TEMPERATURE ON RETARDATION AND WEIGHT CHARACTERISTICS
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R83-956216-1 FIG. 1.43

I RELATIVE CONTRIBUTIONS OF HEAT TRANSFER MODES
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